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The  deleterious  effects  of  atomic,  or  diffusible,  hydro¬ 
gen  dissolved  in  -velds  on  their  mechanical  properties  have 
been  known  for  over  four  decades.  However,  post  weld 
inspection  and  repair  of  hydrogen  induced  cracks  in  welds 
remains  the  only  means  of  correcting  the  defects  produced 
by  excess  hydrogen  in  the  arc  atmosphere  during  welding. 
In  this  study,  a  spectroscopic  technique  for  measuring  the 
amount  of  hydrogen  in  the  arc  atmosphere  during  welding 
is  presented.  A  relationship  between  the  amount  of  hydro¬ 
gen  present  in  the  weld  arc  atmosphere  during  welding  and 
the  diffusible  hydrogen  content  of  the  resulting  weld  is 
developed.  The  results  of  mechanical  tests  are  used  to 
determine  the  hydrogen  induced  cracking  susceptibility  of 
an  armor  steel.  The  amount  of  hydrogen  present  in  the 
arc  atmosphere  during  welding  is  correlated  with  the 
mechanical  properties  of  the  weld.  Methods  for  applying 
this  work  to  real  time  detection  of  conditions  likely  to 
produce  hydrogen  induced  cracking  of  production  welds, 
and  thereby  reduce  the  amount  of  nondestructive  inspec¬ 
tion  and  weld  repair  required  later,  are  suggested. 
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I.  INTRODUCTION 


1.1  Background 


The  one  hundredth  anniversary  of  the  development  of  commercial 
welding  processes  occurred  in  1985.  Weld  cracking  problems  have  existed 
as  long  as  welding  has.  It  has  been  known  for  over  40  years  that  one  of 
the  primary  causes  of  cracking  in  medium  and  high  strength  steel  welds 
is  the  presence  of  diffusible,  or  atomic,  hydrogen  in  the  weld  and  heat 
affected  zone  (HAZ).  Hydrogen  induced  cracking,  also  known  as  delayed 
or  cold  cracking  because  it  occurs  after  the  joint  has  cooled,  occurs  in 
steel  when  the  following  conditions  are  fulfilled:  the  existence  of  a 
susceptible  weld  metal  or  HAZ  microstructure,  the  presence  of  tensile 
stresses,  a  sufficient  quantity  of  diffusible  hydrogen,  and  a 
temperature  beLow  150°C.  Common  types  of  hydrogen  induced  cracks  are 
depicted  in  Figure  1.1.  Figures  1.2  and  1.3  show  the  appearance  of  cold 
cracks  in  weld  metaL  and  HAZ  microstructures. 
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It  is  not  difficult  to  show  that  conditions  which  cause  hydrogen 
induced  cracking  often  exist  during  welding.  Hydrogen  is  introduced  to 
the  weld  pool  when  moisture  and  organic  contaminants  in  welding 
consumables,  such  as  fluxes,  filler  wires  and  shielding  gases, 
dissociate  in  the  high  temperature  environment  of  the  welding  arc.  The 
resulting  atomic  hydrogen  is  highly  soluble  in  the  molten  weld  pool  and 
is  absorbed  rapidly.  It  is  well  known  that  shrinkage  on  solidification 
and  transformation  induced  stresses  produce  tensile  residual  stresses 
around  welds  which  approach  the  yield  strength  of  the  material . 

Furthermore,  the  quenching  effect  of  the  cold  plate  around  the 
molten  weld  pool  produces  high  cooLing  rates  in  the  HAZ.  In  many  alloy 
steels,  c.ack-susceptible,  martensitic  microstructures  result.  Since 
the  operating  temperature  for  most  welded  structures  is  in  the 
susceptible  regime,  all  the  conditions  for  the  occurrence  of  delayed 
cracking  are  fulfilled  for  many  medium  and  high  strength  welded 
joints . 

1.2  Objective 

The  objective  of  this  study  is  to  develop  a  method  to  predict  the 
diffusible  hydrogen  content  of  a  weld  during  processing  and  relate  it  to 
the  susceptibility  of  the  joint  to  hydrogen  induced  cracking.  To 
accomplish  this,  three  separate  tasks  were  performed:  (1)  measurement  of 
the  amount  of  hydrogen  present  in  the  arc  atmosphere  during  welding,  (2) 
development  of  a  model  correlating  the  amount  of  hydrogen  present  during 
welding  with  the  weld  hydrogen  content,  and  (3)  determination  of 
cracking  susceptibility. 

The  first  of  these  tasks  was  accomplished  by  the  application  of 
emission  spectroscopy  to  the  analysis  of  the  composition  of  the  welding 
arc.  Light  emitted  by  the  welding  arc  was  analyzed  spectroscopically 
and  the  partial  pressure  of  hydrogen  in  the  welding  arc  determined.  The 
second  objective  was  completed  by  developing  a  model  based  on  Sieverts' 
law  to  relate  spectroscopic  measurements  of  the  hydrogen  partial 
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1  TRANSVERSE  CRACK  IN  WELD  METAL 

2  TRANSVERSE  CRACK  IN  HEAT  AFFECTED  ZONE 

3  TOE  CRACK 

4  WELD  METAL  CRACK 

5  ROOT  CRACK 

6  UNDERBEAD  CRACK 


Figure  1.1  Common  types  of  hydrogen  induced  cracks  in  welds 
C>\  (after  Graville). 


pressure  in  the  weLd  arc  atmosphere  to  the  diffusible  hydrogen  content 
of  the  resulting  weld.  Implant  tests  were  used  to  accomplish  the  third 
task.  The  implant  rupture  strength  was  used  as  an  index  of  cracking 
susceptibility  in  the  weLding  system  involved  in  this  study. 


This  report  provides  some  background  information  on  the  problem  of 
hydrogen  cracking  in  medium  and  high  strength  steel  welds  and  the  use  of 
emission  spectroscopy  in  weld  arc  analysis.  It  describes  the  factors 
considered  in  selecting  experimental  techniques  and  predictive  models. 
Experimental  methods  are  given  in  detail  and  results  reported.  A 
predictive  model  for  weld  hydrogen  content  is  developed  and  discussed 
and  applied  to  the  experimental  data. 
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Susceptibility  to  hydrogen  induced  cracking  is  related  to  the 
amount  of  hydrogen  present  in  a  weLd,  and  ways  to  use  the  experimental 
techniques  employed  to  reduce  cracking  problems  in  production  welds  are 
suggested . 
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2.  HYDROGEN  [ N  WELDTNC 

2.1  Background 

Until  the  1940's,  cold  cracking  was  thought  to  be  due  to  multiaxial 
thermal  and  transformation  stresses  (which  result  t rom  the  welding 
process)  acting  on  the  brittle  HAZ  of  the  weld  (1,2).  "Difficult" 
steeLs  (those  with  higher  carbon  and  alloying  element  contents  and  a 
higher  susceptibility  to  cracking)  were  customarily  welded  using 
austenitic  electrodes,  aLthough  "oxidized  ferritic"  (low  carbon,  mild 
steel)  electrodes  were  known  to  produce  joints  with  a  reduced  tendency 
to  crack  [1].  In  1944,  Hopkins  [3]  reported  on  a  series  of  experiments 
performed  to  investigate  the  causes  of  cold  cracking.  He  concluded  r nut 
hydrogen  embrittlement  was  the  mechanism  responsible  for  the  delayed 
cracking.  He  further  proposed  that  the  source  of  hydrogen  was  '  he 
dissociation  of  hydrogen  and  hydrogen  compounds  present  in  electrode 
coatings  to  form  atomic  hydrogen,  which  is  readily  soluble  in  the  weld 
pool.  At  approximately  the  same  time,  Herres  [4]  noted  the  influence  of 
hydrogen  in  promoting  underbead  cracking.  This  hydrogen  embrittlement 
mechanism  for  delayed  cracking  in  welds  was  readily  accepted,  and  a 
variety  of  papers  were  written  describing  sources  of  hydrogen  in  the 
welding  arc,  and  absorption  and  diffusion  of  hydrogen  in  the  welding  arc 

[5—7 1 .  However,  as  late  as  1964,  Makara  and  Mosendz  concluded  that  the 

"hydrogen  hypothesis"  was  "untenable"  because  no  connection  could  be 
established  between  the  weld  metal  composition  and  structure  and  the 
occurrence  of  cold  cracking  [8]. 

2.2  Hydrogen  Sources  in  Welding 

During  the  four  decades  since  hydrogen  was  first  recognized  as  the 
cause  of  delayed  cracking  in  welds,  a  great  deal  of  research  has  been 
devoted  to  welding.  While  some  studies  have  indicated  that  the  ambient 
atmosphere  can  be  a  significant  source  of  hydrogen  [9,10],  due  to  air 
entrainment  in  the  weld  shielding  gas,  welding  consumables  are  con¬ 
sidered  to  be  the  primary  source  of  hydrogen  in  the  weld  arc  atmosphere 

(11).  The  major  influence  on  the  hydrogen  content  of  a  weld  is  the 

welding  process  selected.  Gas  tungsten  arc  welding  (GTAW)  and  gas  metal 
arc  welding  (GMAW)  have  the  lowest  potentials  for  hydrogen  pickup,  while 
the  flux-cored  arc  welding  (FCAW)  and  submerged  arc  welding  (SAW) 
processes  will  produce  welds  somewhat  higher  in  hydrogen.  Despite  the 
development  of  low  hydrogen  electrodes,  shielded  metal  arc  welding 
(SMAW)  is  the  process  most  likely  to  produce  welds  with  a  high  hydrogen 
content  (Figure  2.1). 

2.2.1  Hydrogen  Sources  in  Shielded  Metal  Arc  Welding  (SMAW) 

In  shielded  metal  arc  welding  (SMAW),  the  most  important  source 
of  hydrogen  is  the  elect -:de  coating.  In  the  case  of  cellulosic  and 
rutile  (TiC^)  brsed  flux  i,  this  hydrogen  is  a  part  of  the  chemical 
formulation  of  the  coating  and  cannot  be  eliminated.  Low  hydrogen  elec¬ 
trodes  (sometimes  referred  to  as  "basic  electrodes")  usually  contain 
FeO,  MnO,  SiC^  or  CaF .  Although  hydrogen  is  not  present  in  the  combined 
form  in  these  coatings  nor  generated  by  their  decomposition  in  the  weld¬ 
ing  arc,  moisture  may  be  absorbed  by  the  flux  binder  (usually  sodium 
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Figure  2.1  Characteristic  hydrogen  LeveLs  of  various 
weLding  processes  (after  IIW). 

silicate)  when  the  eLectrodes  are  exposed  to  air.  When  low  hydrogen 
electrodes  are  properly  dried,  stored,  and  used,  very  low  weldment  dif¬ 
fusible  hydrogen  contents  [12]  can  be  achieved.  However,  if  such  pre¬ 
cautions  are  not  taken,  the  hydrogen  level  in  the  weld  may  exceed  that 
required  to  cause  cracking  in  high  strength  steels. 

Because  of  the  cracking  problems  which  result  from  moisture  absorp¬ 
tion  by  electrodes,  their  moisture  absorption  characteristics  have  been 
the  subject  of  many  studies  [11,13-18].  It  has  been  shown  that  moisture 
absorption  is  heavily  influenced  by  the  composition  of  the  coating,  den¬ 
sity  and  particle  size,  as  well  as  by  the  temperature  and  relative 
humidity  to  which  it  is  exposed.  Removal  of  absorbed  moisture  from 
electrode  coatings  has  also  been  extensively  studied  and  has  been  found 
to  be  controlled  by  the  length  of  time  and  the  temperature  at  which  the 
electrodes  are  baked  [13,15,16].  Test  results  indicate  that  electrodes 
should  be  baked  at  the  highest  temperature  which  will  not  damage  their 


shielding  properties.  There  are  two  reasons  tor  this.  First,  moisture 
Loss  is  diffusion  controlled,  therefore  moisture  will  be  removed  from 
the  flux  more  rapidly  at  higher  temperatures.  Second,  moisture  in  the 
coating  may  be  either  looseLy  bound  in  the  form  of  water  physically  ad¬ 
sorbed  or  it  can  be  tightly  bound,  as  water  combined  with  the  silicate 
flux  binder.  Such  water  is  far  more  difficult  to  remove  than  the  more 
Loosely  bound  moisture.  Thus,  some  tightly  bound  water  which  would  be 
removed  from  an  electrode  baked  at  450°C,  for  example,  might  not  be 
mobile  if  the  same  electrode  was  baked  at  150oC  [15].  At  present,  the 
most  interesting  research  in  the  area  of  Low  hydrogen  electrode  coatings 
appears  to  be  in  the  development  of  hydrophilic  sol-gel  coatings  which 
would  not  absorb  moisture  if  exposed  to  atmospheric  humidity  for  long 
periods  of  time. 

2.2.2  Hydrogen  Sources  in  Other  Arc  Welding  Processes 

The  flux  coating  on  the  electrode  is  the  major  source  of  hydrogen 
in  manual  welding,  but  in  FCAW  and  SAW  considerably  less  flux  is  con¬ 
sumed  than  in  SMAW,  while  no  flux  at  aLL  is  used  in  GTAW  and  CMAW.  Thus 
the  most  important  source  of  hydrogen  in  welding  is  either  significantly 
reduced  or  completely  eliminated  in  these  processes. 

GTAW  and  GMAW,  particularly  the  former,  are  very  clean  welding 
processes;  most  data  indicate  that  weld  hydrogen  contents  of  3  ppm  or 
Less  can  be  expected  without  special  precautions  [12].  The  presence  of 
hydrogen  in  these  processes  is  due  to  organic  compounds  found  on  filler 
wire  [  19,20] .  Lubricants  used  in  wire  drawing  are  often  not  completely 
removed  when  the  wire  is  cleaned  following  drawing,  and  it  is  the  dis¬ 
sociation  of  the  lubricant  remaining  on  the  wire  during  welding  which  is 
the  major  source  of  hydrogen  in  GMAW  and  GTAW. 

Although  the  FCAW  process  was  originally  considered  an  intrinsi¬ 
cally  low  hydrogen  welding  process,  research  has  shown  that  weld  metal 
hydrogen  contents  in  the  neighborhood  of  10  to  14  ml  H-,/100  g  deposited 
weld  metal  can  be  expected  [12,21].  This  is  within  the  International 
Institute  for  Welding  (IIW)  specified  limits  for  "controlled  hydrogen" 
welding  processes  [12]  but  is  more  than  enough  hydrogen  to  induce 
cracking  in  most  medium  and  high  strength  steels.  In  FCAW,  the  hydrogen 
source  may  be  drawing  lubricants  as  in  the  case  of  GTAW  and  CMAW,  or  it 
may  originate  in  the  flux  core.  It  was  initially  believed  that  exposure 
to  the  atmosphere  would  not  affect  the  moisture  content  of  the  flux  core 
of  the  wires.  However,  recent  work  has  shown  that  some  moisture 
absorption  may  occur  [21]. 

The  other  sources  of  hydrogen  in  weLding  are  relatively  minor  and 
are  easily  recognized  and  removed.  Rust,  primer,  paint,  and  grease  on 
plates  to  be  welded  are  all  potential  sources  of  hydrogen  which  can  be 
avoided  if  proper  cleaning  procedures  are  used.  Water  vapor  may  con¬ 
taminate  shielding  gas  used  in  the  gas  shielded  processes  or  may  be 
present  in  gas  lines.  Interrante,  et  al  .  [14],  noted  that  plates  should 
be  preheated  to  above  the  dew  point  of  the  ambient  air  when  welding 
susceptible  steels  to  prevent  moisture  condensation  which  might  lead  to 
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cracking.  Most  welding  procedures  for  high  strength  steels  require 
preheating  of  all  joints  prior  to  welding  to  increase  cooling  times  and 
reduce  HAZ  hardness. 


2.3  Diffusion  of  Hydrogen  in  Welds 


2.3.1  Hydrogen  Diffusion  in  Steel 

The  diffusion  of  interstitial  hydrogen  in  steel  is  governed  by 
classical  Fick's  law  behavior,  where 


1C 

It 


=  f-  D(jp) 


(2.1) 


and 


D  =  Dq  exp(-Q/kT)  (2.2) 

Here  C  is  the  concentration  of  hydrogen,  t  is  time,  x  is  distance,  D  is 
the  diffusivity  of  hydrogen  in  steel,  Do  is  the  diffusion  coefficient 
for  hydrogen,  Q  is  the  activation  energy  for  diffusion,  T  is  temper¬ 
ature,  and  k  is  Boltzmann's  constant. 

The  exact  solution  to  equation  (2.1)  is  a  function  of  the  error 
function  of  X/2(Dt)'5.  However,  simple  order  of  magnitude  calculations 
can  be  made  using  the  expression 

X2  =  4  Dt  (2.3) 


to  relate  the  diffusion  coefficient,  D,  to  the  time,  t,  required  for 
hydrogen  diffusion  across  an  average  distance,  X  (22). 

2.3.2  Hydrogen  Diffusion  in  Welds 

During  welding,  the  atomic  hydrogen  present  in  the  welding  arc  is 
absorbed  by  the  molten  weld  pool  in  which  hydrogen  is  extremely 
soluble.  Upon  solidification,  and  during  the  austenite  to  ferrite 
transformation,  a  considerable  decrease  in  the  solubility  of  hydrogen  in 
steel  occurs.  As  a  result,  a  concentration  gradient  exists  to  drive  the 
diffusion  of  hydrogen  into  the  crack  susceptible  HAZ  during  the  cooling 
of  the  weld. 


Equation  (2.3)  can  be  used  to  show  that  hydrogen  is  capable  of  dif¬ 
fusing  well  into  the  HAZ  of  a  weld  as  it  cools  to  ambient  temperature. 
Coe  [23|  gives  D  an  average  value  of  LO  cm  “■  sec-^  during  cooling, 
and  three  minutes  is  a  reasonable  approximation  of  the  time  required  for 
a  typical  gas  metal  arc  weld  to  cool  to  room  temperature.  According  to 
equation  (2.3),  hydrogen  will  diffuse  an  average  distance  of  0.133  cm  in 
three  minutes.  Although  the  size  of  the  HAZ  is  also  dependent  on  the 
welding  parameters  and  base  plate  conditions,  the  HAZ  dimensions  of  CMA 
welds  are  typically  0.1  to  0.5  cm. 


Equation  (2.2)  shows  that  D  decreases  as  the  temperature  of  the 
joint  decreases,  hence  the  rate  of  hydrogen  diffusion  from  the  weld  into 
the  HAZ  also  decreases.  At  about  1503C,  Q,  the  activation  energy  for 


hydrogen  diffusion,  begins  to  increase  as  temperature  decreases,  and  the 
vaLue  of  D  decreases  rapidLy.  As  a  result,  the  mobility  of  the  hydrogen 
which  diffused  into  the  HAZ  immediately  after  welding  is  greatly 
reduced,  and  it  can  no  longer  diffuse  out  the  joint  rapidly.  Although 
hydrogen  continues  to  diffuse  out  of  the  joing  at  a  reduced  rate, 
removal  of  the  remaining  hydrogen  occurs  over  a  period  of  hours  or  days; 
during  this  time  the  weld  is  susceptible  to  hydrogen  induced  cracking. 

Classical  diffusion  theory  has  also  been  useful  in  developing 
procedures  to  prevent  hydrogen  induced  cracking,  as  well  as  in 
describing  the  kinetics  of  hydrogen  diffusion  to  the  HAZ .  Several 
workers  [22-25]  have  used  measurements  of  the  diffusivity  of  hydrogen  in 
steel  to  design  post-weld  heat  treatments  which  prevent  delayed  cracking 
by  allowing  hydrogen  sufficient  time  to  diffuse  out  of  the  joint  prior 
to  cooling  below  150JC. 

2.4  Prediction  of  the  Diffusible  Hydrogen  Content  of  Welds 

One  of  the  objectives  of  this  study  is  to  develop  a  technique  for 
making  real  time  determination  of  the  diffusible  hydrogen  contents  of 
gas  metal  arc  welds.  Despite  the  extensive  literature  concerning  hydro¬ 
gen  in  welds,  relatively  few  workers  have  attempted  to  predict  the 
hydrogen  content  of  welds.  The  approaches  taken  to  solving  this  problem 
can  generally  be  broken  down  into  two  categories:  (1)  development  of 
empirical  relationships  between  the  hydrogen  content  ot  welds  and  the 
hydrogen  content  of  the  welding  consumables  used,  and  (2)  correlation  of 
the  weld  hydrogen  content  with  the  partiaL  pressure  of  hydrogen  present 
in  the  weld  arc  atmosphere  during  welding. 

2.4.1  Empirical  Techniques 

In  the  first  approach,  various  methods  are  used  to  determine  the 
hydrogen  content  of  the  consumables.  Most  commonly,  this  approach  is 
used  to  estimate  the  hydrogen  content  of  SMA  welds  by  relating  the 
moisture  content  of  the  electrode  coating  to  the  hydrogen  content  of  the 
weld.  Electrodes  are  usually  heated  to  a  temperature  between  400°C  and 
1200°C  and  the  amount  of  moisture  driven  off  is  measured.  Encapsulation 
[19]  is  another  technique  which  can  be  used  to  determine  the  hydrogen 
content  of  electrode  coatings  or  to  determine  the  amount  of  hydrogen 
present  on  other  consumables.  A  small  sample  of  the  material  is  placed 
in  a  sealed  mild  steel  container  and  heated  to  700°C  or  1000°C.  Since 
hydrogen  diffuses  through  mild  steel  readily  at  these  temperatures,  the 
amount  of  hydrogen  present  can  be  determined  by  collecting  and  measuring 
the  amount  of  gas  given  off. 

Although  it  is  simple  to  determine  the  amount  of  hydrogen  present 
in  consumables  experimentally,  it  is  not  clear  that  any  specific 
relationship  exists  between  the  "hydrogen  potential"  of  the  consumables 
determined  in  this  way  and  the  hydrogen  content  of  the  weld.  It  was 
noted  by  Christensen  [26]  that  additional  moisture  in  some  electrode 
coatings  may  actually  reduce  the  partial  pressure  of  hydrogen  in  the 
weld  arc  atmosphere  and  the  amount  of  moisture  absorbed  by  the  molten 


pooL  during  welding.  It  has  aLso  been  observed  that  coating  com¬ 
position,  density,  and  particle  size,  in  addition  to  the  temperature  and 
relative  humidity  at  which  moisture  is  absorbed,  affect  the  amount  of 
hydrogen  transferred  to  the  welding  arc  [15].  Electrode  gauge  also 
affects  weld  hydrogen  content  with  small  gauge  electrodes  resulting  in 
lower  weld  hydrogen  levels  [9]. 

Despite  the  hazy  nature  of  the  relationship  between  the  hydrogen 
content  of  welding  consumables  and  the  hydrogen  content  of  the  weld  pro¬ 
duced  with  them,  several  investigators  have  attempted  to  establish  cor¬ 
relations.  Chew  [21]  found  that  weld  hydrogen  contents  increased  with 
increasing  electrode  coating  moisture,  but  the  rate  at  which  diffusible 
hydrogen  increased  varied  widely  from  electrode  to  electrode.  He  con¬ 
cluded  that  "reliable  hydrogen  control  can  best  be  achieved  through 
direct  spec i f icat ion  of  weld  hydrogen."  Coe  [19]  could  not  establish 
any  direct  relationship  between  the  results  of  potential  hydrogen 
measurements  and  weld  hydrogen  content  either.  Evans  and  Weyland  [28] 
state  flatly  that  there  is  no  generally  valid  relationship  between 
coating  moisture  content  and  the  amount  of  diffusible  hydrogen  present 
in  a  weld.  Hirai,  et  al .  [29]  attempted  to  establish  a  relationship 

between  electrode,  moisture  content  and  weld  hydrogen  levels  using 
Sieverts'  law.  Although  predicted  and  actual  values  agree  reasonably 
well,  there  are  four  experimentally  determined  constants  in  the 
expression  developed  in  this  work  which  vary  from  electrode  to  electrode 
requiring  extensive  testing  for  each  type  of  consumable  used. 

2. A. 2  Methods  Based  on  Sieverts'  Law 

Sieverts1  law  is  also  used  in  the  second  common  approach  to 
prediction  of  weld  hydrogen  levels.  Sieverts  [30]  observed  that 

CH  =  SH(PH2)1/2  (2.4) 

where  C^  is  the  concentration  of  hydrogen  in  steel,  S^  is  the  solubility 
of  hydrogen  in  steel  at  the  temperature  of  the  molten  material,  and 
is  the  partial  pressure  of  hydrogen  in  the  atmosphere  above  the  molted 
steel.  In  the  case  of  welding,  it  is  the  partial  pressure  of  hydrogen 
in  the  weld  arc  atmosphere,  the  solubility  of  hydrogen  at  the  temper¬ 
ature  of  the  weld  pool,  and  the  diffusible  hydrogen  content  of  the  weld 
which  are  of  interest.  Predictive  models  based  on  Sieverts'  law 
generally  produce  better  correlation  between  theoretical  and  measured 
values  of  weld  hydrogen  contents  than  empirical  techniques  based  on 
"potential  hydrogen"  measurements. 

In  the  first  sue  i  study,  conducted  by  Mallett  in  1946  [7],  the 

composition  of  the  gas  collected  during  welding  in  a  closed,  evacuated 
chamber  was  analyzed.  Sieverts'  law  was  used  to  predict  the  hydrogen 
content  of  the  resulting  welds  from  the  partial  pressure  of  hydrogen  in 
the  arc  atmosphere  determined  in  this  way.  In  this  study,  excellent 
agreement  between  the  predicted  and  actual  values  for  weld  hydrogen 
content  was  found.  In  further  testing.  Mallet  and  Rieppel  [31]  obtained 
similar  results.  In  studies  of  underwater  welds,  Arata,  et  al.  [32] 
found  that  a  Sieverts'  law  expression  modified  to  include  a  baseline 


hydrogen  content  adequately  predicted  hydrogen  contents  of  CTA  welds. 
In  another  investigation,  Sieverts1  law  was  used  to  correlate  the 
diffusible  hydrogen  content  of  pulsed  CMA  welds  with  the  amount  of 
hydrogen  added  to  the  shielding  gas  during  their  fabrication.  Although 
the  authors  [33]  note  that  the  temperature  of  the  weld  pool  (and  hence 
the  hydrogen  solubility  S^)  was  selected  to  give  i  good  fit  to  the  data, 
the  results  demonstrated  the  dependence  of  weld  diffusible  hydrogen 
content  on  the  partial  pressure  of  hydrogen  in  the  welding  arc. 

Aristov,  et  al.  [10],  also  noted  the  dependence  of  the  diffusible 
hydrogen  content  of  welds  on  the  partial  pressure  of  hydrogen  in  the 
weld  arc  atmosphere,  although  he  proposed  an  empirical  relationship 
between  log  and  log  C^.  Chew  [27]  proposed  an  expression  using  the 
partial  pressi&e  of  hydrogen  and  the  activity  of  dissolved  hydrogen 
similar  to  that  of  Hirai  et  al.  [29],  which  yielded  good  results  when 
appropriate  values  for  weld  pool  temperature  were  assumed.  In  an 
extensive  study,  Salter,  Milner,  and  Howden  found  Sieverts'  law  applied 
to  hydrogen  absorption  behavior  in  the  weld  pool  [34,35]  during  arc 
melting  of  metal  button  samples  and  bead  on  plate  welding. 

2.5  Measurement  of  the  Hydrogen  Content  of  Welds 

It  is  useful  to  be  able  to  distinguish  between  the  weld  hydrogen 
levels  produced  by  various  welding  processes  in  order  to  know  the  amount 
of  hydrogen  required  to  induce  weld  cracking  in  certain  materials,  or  to 
be  able  to  perform  weld  hydrogen  content  determinations  for  quality 
control  purposes.  In  addition,  such  a  technique  is  needed  to  determine 
the  validity  of  predictions  of  weld  hydrogen  contents.  Therefore,  it  is 
necessary  to  have  a  reproducible  test  to  measure  the  amount  of 
diffusible  hydrogen  in  a  weld. 

Many  procedures  have  been  used  for  measuring  weld  hydrogen 
contents.  These  can  generally  be  separated  into  one  of  two  categories; 
carrier  gas  methods  and  immersion  methods.  In  the  former,  specimens  are 
permitted  to  outgas  in  some  carrier  gas,  usually  argon  or  nitrogen,  and 
the  resulting  gas  mixture  is  tested  for  hydrogen  content.  In  the  im¬ 
mersion  methods,  a  specimen  is  allowed  to  outgas  under  some  liquid  and 
the  gas  which  evolves  (all  of  which  is  assumed  to  be  hydrogen)  is  col¬ 
lected  and  measured  in  a  eudiometer  over  the  immersing  fluid.  In  either 
procedure,  data  is  normalized  to  standard  temperature  and  pressure,  and 
expressed  in  terms  of  mL  H2/IOO  g  deposited  weld  metal.  In  some 
countries,  the  H2  content  is  expressed  in  terms  of  mL  H2/IOO  g  fused 
metal.  The  former  method  is  the  internat ional  standard,  however. 

2.5.1  Immersion  Methods  for  Measuring  Weld  Hydrogen  Content 

Immersion  methods  are  common  because  they  are  relatively  cheap 
and  simple.  Using  mercury  as  the  immersing  fluid  provides  the  most 
accurate  and  reproducible  results  [36].  Glycerin,  however,  is  more 
often  used  in  the  United  States  and  Japan  because  of  the  health  hazards 
associated  with  mercury.  Water  [34],  alcohol  [37],  and  silicone  oil 
[33]  have  also  been  used  in  this  application. 


Whatever  the  collecting  fluid,  the  sampling  procedure  used  is  es¬ 
sentially  the  same.  A  sample  which  varies  in  size  from  one  standard 
procedure  to  another  is  placed  between  run-on  and  run-off  tabs  and  the 
assembLy  is  cLamped  in  a  copper  chill  block.  A  weld  bead  is  laid  over 
the  test  pieces  and  immersed  in  a  dry  ice  and  alcohol  bath  (or  other  low 
temperature  bath).  The  run-on  and  run-off  tabs  are  then  removed  and  the 
specimen  is  stored  in  liquid  nitrogen  until  the  hydrogen  analysis  is  to 
be  performed.  Prior  to  immersion,  the  specimen  is  cLeaned  to  remove  all 
traces  of  moisture  (the  solvent  varies  with  the  procedure  followed)  and 
dried  in  a  blast  of  dry  gas,  usually  argon  or  nitrogen.  The  specimen  is 
then  placed  under  the  collecting  fluid  for  a  specified  period  of  time  at 
a  specified  temperature.  Both  immersion  time  and  temperature  vary 
depending  on  procedure.  In  the  IIW  mercury  method,  the  specimen  is  im¬ 
mersed  at  room  temperature  for  three  days;  the  Japanese  glycerin  method 
calls  for  immersion  of  the  specimen  at  A5:’C  for  two  days.  Ball,  et  al. 
[33],  proposed  outgassing  at  100°C  under  silicone  oil  for  90  minutes. 

Clearly,  with  so  much  variation  in  experimental  procedures,  some 
variation  can  also  be  expected  in  experimental  results.  In  fact, 
variations  of  50  to  100  percent  have  been  found  in  measurements  made 
from  one  laboratory  to  another  [38J.  This  is  true  of  both  the  mercury 
and  the  glycerin  method,  although  the  IIW/ISO  (International  Standards 
Oranga i zat i on )  mercury  method  is  widely  considered  to  be  the  most 
accurate  and  reproducibLe  immersion  test  for  diffusible  hydrogen 
content.  Boniszewski  and  Morris  [38],  in  reporting  the  results  of  tests 
performed  to  determine  the  reliability  of  the  mercury  immersion  method, 
concluded  that  the  reliability  of  the  procedure  is  inadequate  and 
recommended  that  gas  chromatography  (one  of  the  carrier  gas  methods)  be 
used  instead.  Other  . nvest igators  have  also  reported  unacceptable 
levels  of  variation  between  laboratories  in  diffusible  hydrogen 
measurements  made  using  the  mercury  method  [36,39]. 

If  some  uncertainties  exist  about  the  accuracy  and  reproducibility 
of  the  mercury  test,  even  greater  concern  must  be  expressed  about  the 
glycerin  test.  It  has  been  recognized  for  years  that  a  certain  amount 
of  hydrogen  is  lost  during  the  glycerin  test  because  hydrogen  is  soluble 
in  glycerin.  A  correction  factor  of  the  form 


H  ,  =  0.79  x  Hu 

glyc  Hg 


(2.5) 


is  used  to  calibrate  glycerin  test  results  to  those  of  the  IIW  mercury 
method  [A0],  Recent  studies,  however,  have  indicated  that  the  problems 
with  the  glycerin  test  are  severe  and  include  not  only  the  solution  of 
outgassed  hydrogen  by  the  collecting  fluid,  but  also  gas  exchange  in  the 
fluid.  Quintana  [Al]  reported  hydrogen  contents  as  low  as  A9  percent 
when  the  composition  of  the  gas  collected  over  glycerin  was  analyzed. 
Other  collecting  fluids  such  as  silicone  oil  fared  even  worse  when 
similar  analyses  were  performed. 


2.5.2  Carrier  Gas  Methods  for  Measurement  of  Weld  Hydrogen  Contents 

The  immersion  methods  for  measurement  of  weld  hydrogen  are  time 
consuming,  and  it  is  not  possible  to  guarantee  accurate  and  reproducible 
results.  As  a  result,  carrier  gas  methods,  particularly  gas 
chromatography,  are  rapidly  becoming  more  popular  for  measuring  the 
diffusible  hydrogen  in  welds,  despite  their  considerably  higher  initial 
cost.  Another  reason  for  the  popularity  of  gas  chromatography  is  time; 
procedures  exist  to  measure  the  diffusible  hydrogen  content,  ^  f  f »  °f  a 
weLd  in  as  little  as  ten  minutes  [40]. 

No  specific  standard  yet  exists  for  the  use  of  gas  chromatography 
in  this  application.  A  variety  of  procedures  have  been  proposed,  how¬ 
ever,  and  the  American  Welding  Society  has  generated  a  draft  standard 
[41].  Initially,  specimen  preparation  is  similar  to  that  used  in  the 
immersion  methods;  i.e.  a  specimen  is  welded,  quenched,  cleaned,  and 
dried  in  a  blast  of  dry  gas.  However,  specimens  are  then  outgassed  in  a 
carrier  gas  stream  with  continuous  measurement  of  the  hydrogen  evolved 
by  the  specimen  [40]  or  in  a  closed  chamber  containing  an  inert  gas  and 
some  internal  standard.  In  the  latter  case,  the  contents  of  the  chamber 
are  sampled  following  outgassing  and  the  amount  of  hydrogen  present  de¬ 
termined  [41,42].  The  second  procedure  has  the  advantage  of  allowing 
multiple  samples  to  be  obtained  for  increased  accuracy,  while  the  former 
procedure  can  be  performed  more  rapidly  and  may  be  more  suitable  for 
large  scale  testing  under  production  conditions. 

Outgassing  of  the  specimens  may  be  performed  at  any  temperature 
below  approximately  600°C;  at  650°C  the  residual,  molecular  hydrogen  in 
the  weld  becomes  mobile,  and  while  this  is  usually  a  very  small  quant¬ 
ity,  the  accuracy  of  the  test  is  reduced.  Pokhodnya  and  Palt'sevich 
[43]  report  outgassing  in  a  carrier  gas  stream  at  140  to  150°C,  while 
other  workers  report  outgassing  temperatures  ranging  from  100°C  to  400°C 
[40,41],  Yanaco  markets  a  system  in  which  outgassing  takes  place  at  5°C 
for  three  days,  thus  sacrificing  the  timesaving  feature  of  the  method. 

2.6  Mechanical  Tests  for  Susceptibility  to  Hydrogen  Induced  Cracking 

Although  tensile  stresses  acting  on  a  susceptible  microstructure 
are  known  to  be  among  the  conditions  required  for  hydrogen  induced 
cracking  of  a  weld  to  occur,  the  susceptibility  of  the  weld  and  HAZ 
microstructures  (as  well  as  the  magnitude  of  the  residual  stresses)  are 
dependent  on  the  weld  process  parameters,  and  base  plate  and  filler  wire 
composition.  Therefore,  knowledge  of  a  weld's  hydrogen  content  alone 
does  not  provide  sufficient  information  to  determine  whether  hydrogen 
induced  cracking  is  likely.  In  addition,  the  experimental  conditions 
used  to  ensure  uniform  specimen  preparation  in  tests  to  determine  the 
hydrogen  content  of  a  weld  are  not  representative  of  the  thermal  history 
undergone  by  a  production  joint;  they  reflect  a  maximum  possible  weld 
hydrogen  content  rather  than  the  actual  hydrogen  content  of  a  weld  as 
manufactured.  Hence,  mechanical  tests  must  be  performed  on  various 
welding  procedures  to  determine  the  susceptibility  of  the  welding  system 
to  hydrogen  induced  cracking  in  conjunction  with  tests  for  weld  hydrogen 
content.  Such  tests  provide  a  means  of  estimating  safe  levels  of 
hydrogen  for  specific  welding  procedures. 
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A  myriad  of  tests  has  been  devised  for  this  purpose  [22].  These 
tests  can  be  separated  into  two  categories:  those  in  which  an  external 
load  is  applied,  and  those  in  which  the  the  tensile  stresses  are  pro¬ 
duced  by  Che  shrinkage  stresses  resulting  from  weld  solidification  and  a 
highly  restrained  joint  geometry.  Both  types  have  advantages;  for  ex¬ 
ample,  the  reproducibility  of  results  is  enhanced  in  externally  loaded 
tests  [22]  while  self-restrained  tests  may  more  closely  simulate  service 
conditions . 

2.6.1  Self-Restrained  Cracking  Tests 

The  Lehigh  and  Tekken  tests  are  two  very  similar  self-restrained 
butt  weld  tests  (Figures  2.2  and  2.3).  The  level  of  restraint  may  be 
varied  by  adjusting  the  test  geometry  slightly.  These  tests  have  been 
used  extensively  to  evaluate  HAZ  cracking  susceptibility  and  can  be  mod¬ 
ified  to  allow  testing  of  the  weld  metal. 

Two  well  known  self-restraining  tests,  the  controlled  thermal 
severity  (CTS)  and  cruciform  tests,  are  often  used  to  evaLuate  underbead 
cracking  susceptibility.  The  CTS  test  (Figure  2.4)  is  complicated  and 
most  suitable  for  evaluating  cooling  rate  effect?  on  susceptibility  to 
cracking.  The  cruciform  test  (Figure  2.5)  is  particularly  sensitive  to 
the  exact  welding  conditions  used,  which  has  caused  difficulties  in 
interpretation  of  test  results  [24]. 

2.6.2  Externally  Loaded  Cracking  Susceptibility  Tests 

Reproducibility  is  the  most  difficult  problem  to  overcome  in 

testing  for  hydrogen  induced  cracking  of  welds.  Since  slight  variations 
in  processing  parameters  can  cause  changes  in  weld  cooling  rates,  and 
thus  in  weld  microstructure,  hydrogen  content,  and  residual  stress 
level,  welding  conditions  must  be  very  closely  controlled.  Enhanced  re¬ 
producibility  is  one  of  the  advantages  of  externally  loaded  weldability 
tests  because  restraint  levels  are  not  entirely  dependent  on  joint  geom¬ 
etry  and  welding  parameters. 

The  implant  test  is  a  versatile,  externally  loaded  weldability  test 
developed  in  the  mid-1960's  by  Granjon  [44].  A  notched,  cylindrical 
specimen  is  implanted  in  a  support  plate  containing  a  circular  hole,  and 
a  weld  bead  is  laid  over  the  specimen  and  plate  assembly  as  she  i  in 
Figure  2.6. 

The  specimen  may  contain  a  circumferential  or  a  helical  notch.  If 
the  former  specimen  is  used,  welding  parameters  must  be  selected  to 
ensure  that  the  notched  portion  of  the  specimen  is  in  the  HAZ  where 
hydrogen  induced  cracks  usually  occur.  If  a  helically  notched  specimen 
is  used,  the  notch  will  always  be  located  in  the  HAZ.  The  test  piece 
may  be  allowed  to  cool  to  ambient  temperature  naturally,  or  it  may  be 
quenched  or  subjected  to  some  post-weld  heat  treatment.  Following 
specimen  fabrication,  a  tensile  load  is  applied  to  the  implant  and  the 
load  required  to  produce  rupture  or  crack  initiation  within  a  specified 
period  of  time  is  determined. 


The  implant  test  is  useful  in  a  variety  of  applications,  including 
dissimilar  metals  weldability  testing,  measurement  of  thermal  histories, 
and  plate  thickness  effects  [43].  Recently  it  has  been  widely  used  in 
evaluating  the  susceptibility  of  welds  to  hydrogen  assisted  cracking. 
The  effect  of  weld  mic ros t rue t ure ,  hydrogen  content,  and  pre-  and  post¬ 
weld  heat  treatments  on  cold  cracking  susceptibility  have  been  studied 
in  this  way  [45]  in  a  major  study.  A  linear  relationship  was  observed 
between  the  implant  rupture  strength  and  the  logarithm  of  the  weld  dif¬ 
fusible  hydrogen  content  as  measured  using  the  standard  IIW  procedure. 
Externally  loaded  tests  such  as  the  implant  test  are  useful  not  only  be¬ 
cause  of  the  improved  reproducibility  of  their  results,  but  also  because 
knowledge  of  the  applied  load  permits  development  of  such  relationships 
which  may  be  of  value  in  the  design  process. 


:*v*vs>: 


Figure  2.2  Lehigh  test  geometry. 
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Figure  2.6  Implant  test  geometry. 


2.7  Summary 

The  sources  of  diffusible  hydrogen  in  welds  have  been  considered, 
and  the  resuLts  of  some  previous  investigations  into  hydrogen  induced 
cracking  have  been  reviewed.  Various  techniques  for  the  experimental 
determination  of  weLd  hydrogen  contents  and  susceptibility  to  hydrogen 
induced  cracking  have  been  discussed.  Models  which  have  been  developed 
to  predict  the  hydrogen  content  of  welds  have  been  evaluated. 

Based  on  this  review,  gas  chromatography  and  implant  testing  were 
the  test  methods  selected  for  characterizing  the  hydrogen  content  of 
welded  joints  and  their  susceptibility  to  hydrogen  induced  cracking. 
Sieverts'  law  based  methods  were  found  to  provide  good  agreement  between 
predicted  and  measured  values  of  weld  hydrogen.  However,  all  of  the 
studies  cited  depended  on  cumbersome,  post-weld  methods  for  analyzing 
the  hydrogen  content  of  the  weld  arc  atmosphere,  or  on  indirect  methods 
such  as  measurement  of  electrode  moisture  contents.  A  more  desirable 
procedure  would  be  to  measure  the  partial  pressure  of  hydrogen  present 
in  the  arc  during  welding  and  use  the  information  to  predict  the  result¬ 
ing  weld  hydrogen  content  during  processing.  The  use  of  emission 
spectroscopy  in  this  application  will  be  discussed  in  the  next  chapter. 
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3.  SPECTROSCOPIC  ANALYSIS  OF  WELD  ARC  PLASMAS 


3.1  Analytical  Spectroscopy 

The  high  temperature  of  a  welding  arc  is  an  obvious  impediment  to 
in  process  determination  of  weld  arc  atmosphere  composition  and  thus  to 
prediction  of  weld  hydrogen  contents  and  cracking  susceptibility. 
Analytical  equipment  must  be  remotely  sited  or  capable  of  withstanding 
temperatures  of  10,000°K  or  more.  The  intensity  of  the  light  produced 
during  arc  welding  makes  spectroscopy  an  attractive  tecnnique;  an  op¬ 
tical  sensor  may  be  distant  from  the  arc  and,  using  appropriate  analyt¬ 
ical  techniques,  plasma  compositions  may  be  determined. 

Spectroscopy  is  the  study  of  transitions  of  a  system  (in  this  case, 
atomic  transitions)  between  energy  states  [46].  In  atomic  emission 
spectroscopy,  the  investigator  is  concerned  with  spectra  generated  by 
electron  transitions  between  quantized  energy  levels  in  states  of  the 
outer  electron  shells  of  atoms.  Although  the  quantum  physics  required 
to  explain  many  phenomena  which  can  be  studied  spectroscopically  is  ex¬ 
tremely  complex,  optical  spectroscopy  originated  over  200  years  ago  and 
is  today  a  principal  analytical  technique  used  to  determine  the  compos¬ 
ition  of  a  variety  of  substances.  There  are  two  major  s pec t roscop i c 
techniques  in  optical  spectroscopy  for  observing  orbital  electron  trans¬ 
itions:  emission  spectroscopy  and  absorption  spectroscopy. 

3.1.1  Emission  and  Absorption  Spectroscopy 

Electromagnetic  radiation  is  emitted  at  discrete  frequencies 
(wavelengths)  in  the  visible  and  ultraviolet  region  by  atoms,  which  have 
been  excited  to  energy  levels  above  the  ground  state,  as  they  return  to 
their  normal  energy  state.  This  radiation  generates  specific  arrays  of 
lines  in  a  spectral  display  on  which  analytical  measurements  are  made  in 
atomic  emission  spectroscopy.  This  is  accomplished  by  collimating  the 
light  from  the  emitting  source  through  a  small  slit  and  passing  it 
through  a  prism  or  grating.  The  optical  system  breaks  the  light  up  into 
its  wavelength  spectrum  which,  unlike  the  blackbody  radiation  of  high 
temperature  solid  surfaces,  is  concentrated  at  discrete  wavelengths. 
Because  the  emission  spectrum  of  each  atomic  species  is  unique,  atomic 
emission  spectroscopy  provides  an  absolute  means  of  identifying  approx¬ 
imately  60  elements  in  the  periodic  table,  including  gases  commonly  used 
in  welding. 

Atomic  species  in  the  gaseous  phase  also  possess  unique  absorption 
characteristics.  If  a  cell  containing  a  monatomic  gas  of  interest  is 
placed  between  a  blackbody  emitter  and  a  prism  or  diffraction  grating, 
continuous  light  will  be  observed  at  all  wavelengths  except  at  the  dis¬ 
crete  wavelengths  at  which  the  light  has  been  absorbed  by  the  atoms  of 
the  gas  cell.  These  wavelengths  will  be  characteristic  of  the  gaseous 
species  contained  in  the  cell  and  can  be  used  in  analyzing  its  compos¬ 
ition.  Although  every  absorption  line  has  a  corresponding  emission 
line,  the  reverse  is  not  necessarily  true.  Because  the  atoms  of  in¬ 
terest  in  the  gas  cell  will  normally  exist  initially  only  in  the  ground 
state,  n  =  1,  only  transitions  from  the  state  where  n  =  1  to  the  state 


where  n  >  1  can  occur,  unLess  the  atoms  of  the  absorbing  gas  are 
excited,  as  occurs,  tor  example,  in  stellar  atmospheres.  Therefore, 
many  Lines  found  in  emission  spectroscopy,  where  excited  atoms  are 
observed,  wiLL  not  be  present  when  absorption  techniques  are  empLoved. 

3.1.2  Plasma  Diagnostics 

Plasma  diagnostics  is  the  study  of  the  properties  of  plasmas 
through  experimental  spectroscopy  [47].  Plasmas  are  usually  luminous, 
so  that  emission  spectroscopy  becomes  important  in  their  study.  The 
shape  and  intensity  of  Lines  and  the  characteristics  of  the  continuous 
spectra  are  the  major  considerations.  Radiation  is  also  common Ly  used 
for  investigation  of  plasma  properties,  for  example,  absorption  ot  laser 
radiation  by  pLasmas  has  been  used  with  success  in  plasma  evaluation, 
including  weld  pLasmas  [48].  In  this  study,  emission  spectroscopy  was 
the  diagnostic  tool  used  to  study  the  weld  arc  pLasma. 

In  the  gas  tungsten  and  gas  metal  arc  welding  processes,  a  high 
current  eLectric  discharge  is  passed  through  a  region  containing  a  gas 
or  mixture  of  gases.  Although  there  is  no  confining  vessel,  the  result 
is  simiLar  to  that  obtained  when  a  discharge  tube  is  used  in  a  pLasma 
physics  experiment.  CoLLisions  occur  between  the  atoms  of  the  gas  and 
between  atoms  and  electrons,  a  plasma  is  formed,  and  many  of  the  atoms 
are  excited  to  leveLs  above  their  ground  state.  As  the  atoms  return  to 
their  normal  energy  state,  electromagnetic  radiation  is  emitted.  As  a 
resuLt,  emission  spectroscopy  is  an  attractive  tool  for  studying  the 
composition  of  the  weLd  arc  pLasma.  It  is  also  useful  in  determining 
other  physical  properties  of  the  plasma,  such  as  temperature,  which  can 
be  measured  using  spectroscopic  diagnostic  techniques. 

3.2  Application  of  Plasma  Diagnostics  to  Welding 
3.2.1  Temperature  Measurements 

A  number  of  researchers  have  used  spectroscopic  diagnostic 
techniques  to  study  the  welding  arc.  The  most  common  use  of  spectros¬ 
copy  in  this  application  is  measurement  of  weld  arc  temperatures. 
Several  investigators  have  conducted  studies  using  a  technique  known  as 
the  two-line  method  to  determine  the  temperature  of  the  weld  arc 
plasma.  Unfortunately,  errors  can  be  extremely  Large  in  this  procedure 
[47]  if  proper  precautions  are  not  taken,  so  that  there  is  a  great  deal 
of  variation  in  the  reported  values.  For  example,  Kobavashi  and  Suga 
[49]  measured  temperatures  of  lS.OOO^K  in  the  central  part  ot  the  arc, 
while  a  maximum  temperature  of  ll.OOO’K  was  reported  by  CLickstein 
( 50  ]  .  Ludwig  [51]  observed  temperatures  of  16, 000 'k'  in  the  center  ct 
the  arc,  with  temperatures  of  10,0003K  near  the  arc  boundary,  while  Key, 
et  al.  [52],  in  measurements  made  on  a  higher  current  arc,  measured 
temperatures  of  only  12,0003K  at  the  center  of  the  arc.  The  temper¬ 
atures  reported  above  were  measured  using  the  two-line  method,  with 
argon  as  the  species  used  in  making  the  determinations.  Mills  [53]  did 
not  report  any  measured  temperature  values,  but  suggested  that  manganese 
(Mn)  lines  could  also  be  used  in  this  capacity,  and  proposed  the  Mn  l 
lines  located  at  534.1  and  537.7  nm  for  this  application. 
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Obviously,  considerable  variation  is  found  in  the  results  of  the 
differing  investigations.  To  a  certain  extent,  these  variations  are  in¬ 
herent  in  the  approach  used.  The  two-line  method  is  a  relative  intens¬ 
ity  technique  in  which  the  following  equation  is  used  to  evaluate  tem¬ 
perature  . 
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where  and  I2  ate  the  measured  intensities  ■. 
A2  are  transition  probabilities,  and  and 
weights. 


if  the  lines  used.  A,  and 
g2  are  the  statistical 


It  is  clear  that  when  the  values  of  the  constants  and  line  intens¬ 
ity  are  substituted  into  this  equation,  it  may  be  readily  solved  tor 
temperature.  However,  line  selection  must  be  made  very  carefully  as 
line  intensity  varies  differently  with  these  parameters.  In  each  of  the 
investigations  cited,  a  different  pair  of  lines  was  used  to  evaluate 
temperature,  and  reported  results  vary  widely  around  an  average  value. 


This  highlights  the  fact  that  line  selection  tor  spectroscopic 
measurements  on  weld  arc  pLasmas  is  critical  and  must  be  made  carefully 
to  ensure  accurate  results.  Some  of  the  factors  which  must  be 
considered  include  using  lines  having  the  same  degree  of  ionization  and 
ensuring  that  there  is  a  sufficiently  wide  energy  gap  between  the  pairs 
of  lines  used.  The  possibility  of  self-absorption  by  the  plasma  at  the 
wavelength  employed  must  also  be  considered. 


3.2.2  Plasma  Composition  Analysis 

One  of  the  objectives  of  this  study  is  to  measure  the  partial 
pressure  of  hydrogen  in  a  weld  arc  plasma.  Emission  line  intensities 
are  commonly  used  to  determine  plasma  compositions,  and  while  spec¬ 
troscopy  has  not  often  been  used  in  analyzing  weld  arc  plasma, 
Vinogradov,  et  al.  [54],  reported  that  weld  arc  chromium  (Cr) 
concentration,  in  the  welding  of  copper  to  18-8  stainless  steel,  could 
be  correlated  with  Cr  line  intensities  measured  using  a  narrow  pass  band 
filter  and  a  photoresistor.  These  workers  also  investigated  the 
dependence  of  spectral  line  intensity,  as  measured  in  this  way,  on 
welding  current  and  arc  gap. 

Despite  the  relatively  small  number  of  studies  carried  out  using 
the  technique,  emission  spectroscopy  has  proven  to  be  a  powerful  tool 
for  investigating  the  composition  of  the  weld  arc  atmosphere  and  its  ef¬ 
fect  on  weld  quality.  The  spectroscopic  technique  used  in  this  invest¬ 
igation  has  been  capable  of  detecting  loss  of  shield  gas  [55],  gaps  in 
the  flux  shielding  in  flux  cored  arc  welding  wire,  and  the  presence  ot 
hydrogen  in  the  welding  arc  [56].  It  has  also  been  used  successfully  to 
analyze  laser  welding  plasmas  [57].  The  objective  of  this  study  was  to 
use  emission  spectroscopy  to  measure  the  partial  pressure  of  hydrogen  in 
the  welding  arc.  These  measurements  were  used  to  predict  the  diffusible 
hydrogen  content  of  welds. 


3.3  Application  of  Spectroscopic  Techniques  to 
Weld  Plasma  Hydrogen  Determination 

Spectroscopic  measurements  of  several  kinds  can  be  made  for  differ¬ 
ent  analytical  purposes.  In  determining  plasma  composition,  measure¬ 
ments  ot  the  intensity  of  emission  lines  characteristic  of  the  element 
or  elements  of  interest  are  most  useful.  Generally,  there  are  two  types 
of  line  intensity  measurements  used  in  analytical  spectroscopy:  rel¬ 
ative  intensity  and  absolute  intensity.  In  relative  intensity  measure¬ 
ments,  use  is  made  of  the  relationships  existing  between  the  intensities 
of  spectral  lines  when  the  state  densities  of  the  atomic  species  are  in 
equilibrium.  This  requires  an  assumption  of  local  thermodynamic  equil¬ 
ibrium;  this  assumption  is  generally  accurate  for  the  weld  arc  plasma 
except  very  close  to  the  anode  (50).  In  absolute  intensity  measure¬ 
ments,  the  optical  system  being  used  to  make  intensity  determinations  is 
calibrated  to  a  National  Bureau  of  Standards  (NBS)  calibrated,  blackbody 
absolute  intensity  standard,  to  take  into  account  the  efficiency  of  the 
various  components  of  the  system.  Once  the  initial  calibration  is 
performed,  elemental  emission  line  intensities  are  used  to  determine  the 
number  densities  of  particles  in  the  various  energy  states. 

Relative  intensity  measurements  are  the  basis  for  quantitative 
spectral  analysis;  indeed  much  of  the  research  in  analytical  spectro¬ 
scopy  has  been  focused  on  performing  chemical  analyses.  In  weld  arc 
spectroscopy,  relative  intensity  (internal  standard)  techniques  have 
several  advantages.  For  example,  changes  in  the  intensity  of  the  line 
of  interest  caused  by  temporary  variations  in  process  parameters,  rather 
than  changes  in  the  concentration  of  the  analyte  element,  are  normalized 
and  do  not  incur  false  readings.  The  same  is  true  when  a  loss  of 
observed  intensity  occurs  due  to  smoke  particles  in  the  opticaL  path. 
While  such  systematic  errors  are  eliminated,  analysis  of  data  must  be 
performed  by  comparison  to  an  empirical  analytical  curve  generated  by 
previous  runs  using  weld  plasmas  of  a  series  of  known  concentrations  of 
the  analyte  element.  However,  it  is  difficult  to  produce  a  standard 
weld  arc  plasma,  so  errors  in  standard  preparation  are  likely,  and  are 
reflected  in  the  accuracy  of  results. 

Absolute  intensity  measurements,  calibrated  to  a  blackbody  with  a 
known  radiance,  may  theoretically  minimize  the  need  for  an  empirical 
standard,  bat  in  practice  they  have  other  shortcomings  in  diagnostic 
term  due  to  the  nonsteady  state  nature  of  welding  plasmas.  The  popu¬ 
lation  density  of  a  species  of  particle  can  be  determined  from  absolute 
intensity  measurements.  However,  particle  density  may  fluctuate  widely 
over  short  periods  of  time  when  arc  instabilities  occur.  It  is,  there¬ 
fore,  necessary  to  average  vaLues  over  a  period  of  time  or  to  integrate 
emission  line  intensity  values  over  a  long  data  acquisition  period. 

In  this  study,  both  absolute  and  relative  intensity  measurements 
were  used  to  measure  hydrogen  concentrations  in  welding  arcs  as  des¬ 
cribed  in  the  following  sections.  However,  different  data  reduction 


3.4  Relative  Intensity  Approach 
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procedures  were  used.  In  using  relative  intensity  data,  hydrogen  emis¬ 
sion  Line  intensity  at  656.2  nm,  normalized  to  argon  emission  line 
intensity  at  696.5  nm,  was  correlated  with  the  relative  hydrogen  line 
intensity  found  in  weld  plasmas  containing  a  known  partial  pressure  of 
hydrogen.  Absolute  line  intensities  were  used  to  calculate  hydrogen  ion 
density,  and  hydrogen  partial  pressure  was  evaluated  by  comparison  with 
the  total  electron  density  (i.e.,  total  atom  density)  ot  the  plasma.  In 
both  cases,  arc  hydrogen  partial  pressure  was  used  to  predicc  the 
diffusible  hydrogen  content  of  resulting  welds. 
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3.4.1  Theory 

It  was  noted  in  the  previous  section  that  the  "two-line  method" 
can  be  used  to  measure  plasma  temperature.  This  procedure  makes  use  ot 
the  tact  that  population  densities  of  particles  in  various  excited 
states  are  proportional  to  the  products  of  their  statistical  weights 
with  the  exponentials  of  the  negative  ratios  of  excitation  energy  and 
the  thermal  energy,  kT,  of  the  plasma.  Because  of  the  dependence  on 
particle  population  as  well  as  temperature,  a  two-line  technique  can 
also  be  used  to  estimate  plasma  composition  (56].  Except  very  close  to 
the  anode,  the  weld  arc  pLasma  can  be  considered  to  be  in  a  state  of 
local  thermodynamic  equilibrium,  with  the  excitation  levels  in  tne 
plasma  having  a  Boltzmann  distribution.  Therefore, 
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where  E  is  the  energy  of  an  atomic  state,  gn  is  the  number  of  substrate 
having  energy  En,  k  is  the  Boltzmann  constant,  T  is  the  plasma  temper¬ 
ature,  and  Nn  is  the  population  density  in  state  n.  It  is  known  that 
the  optical  energy  emitted  by  an  atom  making  a  transition  from  state  m 
to  state  n  is 
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for  a  small  volume  of  plasma,  Av,  with  a  transition  probability  of 
A  .  The  intensity  of  a  given  spectral  line  is  proportional  to  the  atom 
population  density.  Therefore,  the  intensity  of  the  line  produced  by 
the  m  to  n  transition  can  be  expressed  as 


Integrating  over  the  entire  volume  of  the  plasma,  the  following  expres¬ 
sion  is  obtained 
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This  allows  the  calculation  of  the  total  intensity  of  light  emitted  at  a 
given  wavelength.  However,  it  is  clear  that  any  change  in  the  temper¬ 
ature  or  volume  of  the  plasma  will  result  in  corresponding  alterations 
in  the  observed  intensity  of  light  produced. 
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Unfortunately,  welding  arcs  are  commonly  subject  to  just  such  vari¬ 
ations  in  pLasma  temperature  and  voLume,  due  to  changes  in  process 
parameters  or  random  fluctuations  such  as  those  produced  by  magnetic  arc 
blow.  Various  techniques  exist  for  overcoming  such  obstacles  to  ac¬ 
curate  analysis.  The  simplest  is  to  select  a  normalizing  procedure  to 
factor  out  random  variations  in  arc  chemistry  and  optical  receiver  ge¬ 
ometry. 

As  in  the  two-line  method  for  temperature  measurement,  the  ratio  of 
the  intensities  of  two  lines  is  used  for  this  purpose.  However,  while 
lines  having  widely  differing  excitation  energies,  E  ,  are  used  in  tem¬ 
perature  measurement  to  maximize  temperature  dependency  in  the  intensity 
ratio,  lines  having  very  similar  excitation  potentials  are  used  in 
normalizing.  Temperature  dependence  of  the  resulting  ratio  is  thus  min¬ 
imized.  Selecting  lines  having  relatively  close  wavelengths  will  min¬ 
imize  wavelength  dependent  factors,  such  as  the  influence  of  blackbody 
radiation,  and  the  ratio  will  remain  nearly  constant  for  a  given 
concentration  of  the  analyte  elements,  regardless  of  changes  in  process 
parameters . 


From  eauation  (3.4.4),  the  expression 
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is  obtained  for  the  intensity  ratio  of  emission  lines  produced  by  trans¬ 
itions  of  two  different  elements.  In  this  expression,  it  is  clear  that 
the  ratio  of  the  number  of  atoms  of  each  element  present  is  equal  to  the 
ratio  of  their  emission  line  intensities,  multiplied  by  constants.  The 
values  of  some  of  these  constants,  statistical  weights,  for  example,  are 
well  known,  while  the  values  of  others,  such  as  transition  probabil¬ 
ities,  are  not.  So  normalized,  or  relative,  intensity  measurements  are 
made  on  plasmas  of  known  compositi«n,  and  these  data  are  used  to  prepare 
empirical  analytical  curves.  The  empirical  curve  thus  derived  can  be 
used  to  determine  the  concentration  ratio  of  the  element  of  interest  in 
a  plasma  of  unknown  composition  by  comparing  its  relative  line  intensity 
to  that  found  in  a  plasma  of  known  composition. 


It  should  be  noted  that,  although  this  normalizing  procedure  will 
largely  compensate  for  fluctuations  produced  by  changing  welding  param¬ 
eters  or  arc  instabilities,  the  components  of  the  weld  arc  atmosphere 
must  remain  unchanged.  Adding  carbon  dioxide  to  an  argon  shielded 
weLding  arc,  for  example,  would  require  recalibration  and  normalization 
specific  to  the  aLtered  system  if  the  relative  intensity  approach  was  to 
be  used  in  determining  the  hydrogen  concentration  in  the  arc  plasma. 


3.4.2  Application  to  Measurement  of  Weld 

Plasma  Hydrogen  PartiaL  Pressure 

Emission  line  intensity  may  be  quantified  by  peak  height  or  by 
integrating  the  area  under  the  peak  as  seen  in  an  analog  chart  or  dis¬ 
play.  The  latter  is  the  preferred  method  and  was  the  technique  used  in 
this  study.  However,  the  weld  arc  also  emits  significant  background 
radiation  resulting  in  measurable  spectral  continuum  overlying  the  en¬ 
tire  spectral  range  (Figure  3.1).  This  continuum  must  be  compensated 
for  when  normalizing  data. 

The  recorded  level  of  the  continuum  is  due  in  part  to  the  elec¬ 
trical  bias  level  produced  by  the  photodiode  array  (Figure  3.2)  and  in 
part  to  the  blackbody  radiation  emitted  by  incandescent  metal  droplets 
in  the  weld  arc  plasma  and  by  the  weld  pool  (Figure  3.3).  The  bias 
level  of  the  photodiodes  is  a  constant,  while  the  continuum  radiation 
produced  by  the  blackbody  effect  increases  slowly  with  wavelength.  Des¬ 
pite  this  increase,  it  is  possible  to  treat  the  blackbody  background 
radiation  level  as  a  constant  because  only  a  50.0  nm  bandwidth  of  the 
spectrum  is  sampled  at  any  one  time.  The  change  in  the  blackbody 
radiation  level  can  be  considered  negligible  in  this  bandwidth. 
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WAVELENGTH  (50  nm  bandwidth) 


Figure  3.1  Typical  50  nm  sample  of  weld  arc  spectrum  showing 
background  level  and  peaks. 
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WAVELENGTH  (50  nm  bandwidth) 

Figure  3.2  Characteristic  photodiode  bias  level,  in  any  50  nm  bandwidth 


WAVELENGTH  (50  nm  bandwidth) 


Figure  3.3  Contribution  of  blackbody  radiation  to  background  level 


Both  blackbody  radiation  and  photodiode  bias  can  be  compensated  for 
in  the  normalizing  procedure  by  selecting  a  region  free  of  spectral 
lines  and  measuring  the  background  level.  This  background  vaLue  is  then 
subtracted  from  the  intensities  of  the  lines  being  normalized  (i.e.  the 
area  under  the  peaks)  prior  to  taking  the  ratio  of  their  intensities  to 
obtain  a  relative  intensity  value.  Once  the  background  Level  has  been 
subtracted  from  the  observed  intensity  of  the  emission  lines  of  interest 
(i.e.,  the  hydrogen  emission  line  at  656.28  nm  and  the  nearby  argon  Line 
at  696.5  nm),  the  ratio  of  the  two  lines  is  taken.  This  gives  the 
relative  intensity  of  the  hydrogen  emission  line 
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where  Ig  is  the  background  leve  1,  IH  is  the  intensity  of  the  hydrogen 
emission  Line,  ^nd  1^  is  the  intensity  of  the  argon  emission  Line 
(Figure  3.4).  I  *s  ca'-cu'-atec*  f°r  weld  arc  plasmas  containing  known 
partial  pressures  of  hydrogen  and  an  analytical  curve  is  developed.  The 
partial  pressure  of  hydrogen  in  a  plasma  of  unknown  composition  is  de¬ 
termined  through  comparison  to  the  experimentally  derived  curve.  The. 
first  ionization  of  metaLlic  species  can  take  place  at  temperatures  far 
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Figure  3.4  Graphical  representation  of  quantities  used  in  determining 
relative  hydrogen  emission  line  intensity. 
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lower  Chan  those  required  for  ionization  of  gases  such  as  hydrogen  and 
argon.  The  presence  in  the  plasma  of  the  additional  electrons  can 
produce  a  "cascade"  effect  which  Lowers  the  temperature  at  which  the 
species  ionize.  Many  Mn,  Fe,  Cr,  and  other  metaL  Lines  may  be  seen  in 
the  weld  arc  spectrum  so  this  phenomenon  undoubtedly  affects  apparent 
hydrogen  line  intensity.  However,  because  a  normalizing  procedure  is 
being  used  and  an  anlaytical  curve  is  developed  for  plasmas  of  varying 
compositions,  the  problem  is  neglected. 

3.5  Absolute  Intensity  Approach 
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3.5.1  Theory 

To  use  the  relative  intensity  approach  described  above  to  measure 
weld  arc  hydrogen  content,  empirical  analytical  curves  must  be 
developed.  Determinations  of  weld  arc  plasma  composition  must  be  made 
by  comparison  with  data  acquired  using  arc  plasmas  of  known 
composition.  Any  changes  in  shielding  gas  components  require  develop¬ 
ment  of  a  new  set  of  analytical  curves.  One  way  to  overcome  the 
necessity  of  preparing  many  sets  of  analytical  curves  would  be  to  make 

direct  measurements  of  the  number  of  atoms  of  a  certain  element,  N  ,  in 

n 

a  given  energy  state. 

Theoretically,  such  measurements  are  possible  using  absolute  in¬ 
tensity  measurements.  Several  difficulties  associated  with  using  ab¬ 
solute  intensity  measurements  have  already  been  mentioned.  However, 
there  are  experimental  techniques  which  can  be  used  to  compensate 
partialLy  for  these  difficulties.  The  optical  errors  associated  with 
pointing  and  focusing  the  fiber  optic  assembly  can  be  minimized  by 
calibrating  the  light  collection  and  spectrographic  system  to  a  standard 
lamp.  The  ocher  major  difficulty  with  absolute  intensity  measurements 
(i.e.,  problems  associated  with  absorption  of  the  light  emitted  by  the 
arc),  can  be  limited  if  a  smoke  free  process  such  as  gas  tungsten  arc 
welding  is  used. 

As  shown  earlier,  the  radiant  intensity  emitted  from  a  unit  volume 
lin  plasma  in  a  spectral  emission  Line  of  wavelength  X 
nsitions  from  the  higher  energy  state,  n,  to  the  lower 
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Here  A  is  the  spontaneous  emission  transition  probability,  hc/X 

nm  r  .  „  .  .  c  ■  nm 

is  the  energy  of  the  radiated  quantum,  and  Nn  is  the  number  of  ions  per 

unit  volume  that  have  a  bound  electron  in  the  excited  atomic  or  ionic 

state,  n.  Nn  is  often  referred  to  as  the  population  density  of  the 

state  n.  In  the  case  of  the  hydrogen  induced  cracking  of  welds,  it  is 

the  hydrogen  ion  density  in  the  welding  arc  which  is  of  interest.  Using 

the  above  equation,  it  is  possible  to  determine  the  hydrogen  ion  density 

in  the  weld  arc  plasma  from  absolute  intensity  measurements. 
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Consider  the  hydrogen  line  with  a  wavelength  of  656.28  nm  which  was 
used  to  determine  plasma  composition  using  relative  intensity  tech¬ 
niques.  If  this  line  is  used  in  hydrogen  ion  density  determinations, 
the  following  values  may  be  substituted  into  the  preceding  equation: 

X  =  656.28  nm, 
nm 

A  =  9.341  x  107  sec 
nm 

h  =  6.63  x  10  joule-sec,  and 
c  =  3  x  10®  m/sec  =  3  x  10^7  nm/sec. 


Solving  for  the  hydrogen  ion  density  Nn,  we  find  that 

4  it  I  X 
^  _  _ mn  un 

n  he  A 


(3.5.2) 


Substituting  numerical  values,  we  obtain 


Nn  =  4.44  x  101  Inm  atoms/cm 


(3.5.3) 


Here  the  population  density,  Nn,  of  the  ionic  state  n  is  given  as  a 
function  of  the  emission  line  intensity.  An  accurate  value  for  this  in¬ 
tensity  is  obtained  by  comparing  the  photodiode  intensity  values  that 
are  obtained  during  a  welding  experiment  with  those  that  are  generated 
during  calibration  with  a  standard  light  source,  using  the  same  optical 
system. 

3.5.2  Application  to  Weld  Plasma  Analysis  of 

Hydrogen  Partial  Pressure 

3.5.2. 1  Hydrogen  Ion  Density  Measurements 

The  characteristics  of  the  optical  system  being  used 
must  be  considered  when  attempting  to  measure  population  densities.  The 
function  of  a  spectrometer  is  to  observe  the  radiation  emitted  by  a 
given  volume  of  plasma,  which  passes  through  a  given  solid  angle,  so  the 
light  can  be  broken  up  into  discrete  wavelengths.  The  volume  of  plasma 
observed  and  the  solid  angle  are  both  functions  of  the  optical  system 
being  used,  and  the  relevant  volume  is  essentially  the  plasma  volume 
along  the  line  of  sight  of  the  spectrometer  and  detector.  Weld  arc 
plasmas  are  known  to  have  non-uniform  properties  in  the  axial  direction, 
therefore,  values  of  the  population  densities  obtained  must  be  con¬ 
sidered  to  be  average  values  along  a  given  line  of  sight,  approximately 
perpendicular  to  the  arc. 

A  plasma  which  is  uniform  and  optically  thin  will  emit  radiation 
with  an  intensity  of  n  watts  per  unit  volume,  per  solid  angle.  Thus 
the  total  emitted  radiation,  R,  which  is  recorded  by  the  spectrometer 
readout,  will  be  primarily  a  function  of  the  lens  and  the  spectrometer 
entrance  slit  geometry. 
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R  =  Wl  m  A  Q 
s  F 


(3.5.4) 


where  m  is  Che  magnification  of  the  Lens  system,  ft  is  the  solid 
As  is  the  cross-sect ionaL  area  of  the  spectrometer^entrance  sLit, 
is  the  diameter  of  the  pLasma  aLong  the  Line  of  sight  [58]. 


angLe, 
and  L 


This  equation  is  usefuL  in  reducing  spectroscopic  data.  Since  W  is 
the  generalized  intensity  of  the  radiation  emitted  by  the  plasma,  in 
watts  per  unit  volume  per  soLid  angLe,  it  can  be  replaced  with  the  voLt- 
age  output  of  the  photodiode  array  which  occurs  when  the  Light  which  has 
been  broken  up  by  the  spectrograph  falls  on  it.  Then  the  equation  above 
can  be  rewritten  as 


R  =  I  Lm  A  Q_  watts  (3.5.5) 
p  mn  s  F 

Assuming  chat"f1he  spectrometer  slit  is  adjusted  to  allow  passage  of 
all  of  the  light  emitted  at  the  waveLength  of  interest,  the  resulting 
photodiode  voltage,  Vp,  can  be  related  to  the  intensity  of  the  incident 
radiation  by  some  calibration  constant  C.  In  this  case,  the  form  of  the 
above  equation  becomes 
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I  h  A  Q  =  CV  voLts  (3.5.6) 

mn  s  F  p 


As  noted  above,  the  calibration  constant  is  determined  from  tests 
using  a  standard  tungsten  ribbon  filament  Lamp  calibrated  to  NIBS  stan¬ 
dards  for  spectral  radiance.  These  optical  calibration  standards  will 
be  discussed  further.  However,  Let  us  consider  the  L^mp  to  be  cal¬ 
ibrated  in  terms  of  the  spectral  radiance  N^(I  )  Watts/cm  -ster-nm,  as  a 
function  of  the  Lamp  current.  When  the  standard  Lamp  is  placed  so  the 
filament  is  at  the  focaL  point  of  the  opticaL  system,  the  total  radia¬ 
tion  entering  the  opticaL  system  will  be 


Rr  =  N  (I.)  m  A  n  watts/nm  (3.5.7) 

L  Xmn  L  s  F 

The  Lamp  emits  a  spectral  continuum  of  blackbody  radiation  cal¬ 
ibrated  against  a  primary  standard,  therefore,  R^  has  the  units  of  in¬ 
tensity  per  unit  wavelength.  If  W  is  the  width  of  the  spectrometer  slit 
adjusted  to  pass  all  radiation  at  X  and  D  is  the  reciprocal  dispersion 
of  the  spectrometer  grating,  the  foFTowing  relationship  is  obtained 


N  lm  A  WD  =  CVT  (3.5.8) 

X  s  F  L 

where  VL  is  the  photodiode  array  output  voltage  generated  during  the 
calibration  tests.  When  this  is  combined  with  the  equation  for  the  pho¬ 
todiode  output  voLtage  when  the  radiance  of  the  weld  arc  plasma  is  being 
observed,  the  calibration  constant,  C,  can  be  eliminated  and  we  obtain 
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When  a  current  of  X  amperes  is  passed  through  the  spectral,  lamp, 
the  spectral  radiance,  N^,  ls  known  as  a  function  of  wavelength  and  cur¬ 
rent.  D  and  W  are  functions  of  the  spectrometer  conditions  and  are 
known.  The  photodiode  array  voltage  at  the  wavelength  of  interest  can 
be  measured  during  calibration  with  a  lamp  and  during  a  welding  exper¬ 
iment,  as  can  the  plasma  diameter.  These  values  can  then  be  substituted 
into  the  preceding  equation  to  determine  the  absolute  line  intensity  I 
[58].  When  this  value  is  used  in  equation  (3.5.3)  for  hydrogen  ion 
density  as  a  function  of  hydrogen  line  intensity,  the  population  density 
of  hydrogen  ions  is  obtained. 
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The  partial  pressure  of  hydrogen  ions  present  can  then  be  calcu¬ 
lated  by  measuring  both  the  absolute  hydrogen  ion  density  and  the  elec¬ 
tron  density.  The  temperatures  in  the  welding  arc  are  not  sufficient  to 
produce  a  significant  level  of  secondary  ionization.  Therefore,  the 
electron  density  may  be  assumed  to  be  approximately  equal  to  the  total 
ion  (or  atom)  density.  If  the  total  number  of  particles  present  is 
known  and  the  total  number  of  hydrogen  ions  present  is  known,  the 
partial  pressure  of  hydrogen  ions  present  is  easily  calculated. 


3. 5. 2. 2  Electron  Density  Measurements 

Electron  density  in  the  weld  arc  plasma  is  calculated 
through  measuring  the  Stark  broadening  of  spectral  lines  [47].  Stark 
broadening  is  caused  by  the  microfields  surrounding  the  ions  in  a 
plasma.  Use  of  Stark  profiles  permits  determination  of  electron  dens¬ 
ities  in  plasmas  of  almost  any  composition,  even  if  the  plasma  chemistry 
is  not  well  known.  Basically,  electron  density  is  determined  by  compar¬ 
ing  measured  full  widths  of  lines  (i.e.,  wavelength  differences  between 
the  two  points  on  either  side  of  a  peak  where  the  intensity  has  fallen 
to  one-half  of  the  maximum)  with  their  calculated  values.  Line  widths 
and  electron  densities  are  almost  exactly  proportional  to  each  other. 

Conveniently,  the  theoretical  values  of  line  widths  needed  for  this 
experiment  are  most  accurate  for  hydrogen  lines,  and  suitable  hydrogen 
lines  are  indeed  measurable  in  welding  arcs.  The  Stark  effect  is  linear 
and  is  proportional  to  the  two-thirds  power  of  the  ion  density  [47].  It 
has  already  been  noted  that  secondary  ionization  in  the  welding  arc  is 
insignificant  and  that,  therefore,  electron  density  is  nearly  equal  to 
ion  density.  Electron  density  is  given  by 
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N  =  C(N  ,  T)  AX  ' 
e  e  s 


(3.5.10) 


where  Ng  is  the  electron  density,  AX  is  the  full  Stark  width  of  the 
line,  and  C(N?,  T)  is  a  coefficient  swhich  is  a  weak  function  of  the 
electron  density.  Criem  [47]  has  calculated  values  for  C  (Ng,  T) 
(Table  3.1),  and  since  these  are  rather  slowly  varying  functions  of  the 
electron  density  and  temperature  for  any  given  line,  interpolation  for 
intermediate  values  should  always  be  sufficient. 
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3.6  Summary 

Two  spectroscopic  methods  :  jr  measuring  the  partial  pressure  of  hy¬ 
drogen  in  a  weLding  arc  have  been  presented.  As  discussed  in  section 
1.3,  this  information  can  be  used  to  predict  the  hydrogen  content  of  a 
weld  and  its  susceptibility  to  cracking.  In  the  next  chapter,  the  ex¬ 
perimental  methods  used  in  this  study  to  measure  weld  arc  hydrogen 
levels,  determine  the  diffusible  hydrogen  content  of  the  resulting 
welds,  and  evaluate  their  susceptibility  to  cold  cracking  will  be  pre¬ 
sented  . 
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Table  3.1  Coefficients  C(Ng,T)  in  A  cm  for  Electron 
Density  Determinations  From  (Full)  Half  Widths 
of  Stark-broadened  Hydrogen  (From  Griem) 


T,°K  1014  1015  1016  6  1017  1018 
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3.61 

X 
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3.23 

X 
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7.13 
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3.88 

X 
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2.79 

X 

lO1^ 
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X 
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6.01 

X 
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X 
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X 
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3.44 
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1.07 
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X 
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1.01 

X 
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HgII  4,686  A  5,000  1.58  x  1016 


4.  EXPERIMENTAL  PROCEDURE 


In  this  investigation,  experiments  were  performed  to  determine  the 
relationship  between  the  intensity  of  hydrogen  emission  lines  in  the 
light  emitted  by  a  weLding  arc  and  the  hydrogen  content  of  the  resulting 
welds.  Mechanical  tests  were  then  performed  to  relate  weld  diffusible 
hydrogen  content  to  susceptibility  to  hydrogen  induced  cracking  in  welds 
in  armor  steel. 

To  develop  the  relationships  described,  a  series  of  shield  gas 
hydrogen  contencs  was  selected  and  spectroscopic  techniques  were  used  to 
make  measurements  of  the  relative  and  absolute  intensities  of  the  hydro¬ 
gen  emission  lines  of  interest  at  the  various  hydrogen  levels.  The 
diffusible  hydrogen  content  of  CTA  and  CMA  welds  made  with  varying 
shield  gas  hydrogen  contents  was  determined,  and  implant  tests  were  then 
performed  on  welds  made  with  various  shield  gas  compositions  to  de¬ 
termine  the  hydrogen  induced  cracking  susceptibility  of  the  welding 
system. 

4.1  Welding 

All  gas  metal  arc  weLds  were  made  using  an  automatic  gas  metal  arc 
welder,  a  Linde  SVI-600  power  supply,  and  a  Linde  torch.  Wire  size  was 
1.5  mm  in  diameter.  The  welding  voltage  was  31  V.  Some  adjustment  to 
filler  wire  feed  speed  was  required  to  maintain  arc  stability  as  the  arc 
hydrogen  content  increased  from  zero  to  2  percent.  As  a  result,  welding 
current  varied  from  310  to  350  amps.  Travel  speed  was  25  cm  per 
minute.  All  welds  were  made  on  armor  steel,  the  composition  of  which  is 
given  in  Table  4.1.  Linde  95  filler  metal  was  used,  the  composition  of 
which  is  given  in  Table  4.2.  Electrode  stickout  was  19  mm. 

All  gas  tungsten  arc  welds  were  made  using  a  Hobart  Cyber-TIC  power 
supply.  A  2  percent  thoriated  electrode  with  a  diameter  of  3.5  mm  was 
used.  Arc  voltage  and  current  were  14  V  and  100  A,  respectively. 


Table  4.1  Composition  of  Armor  Steel 


CMnP  S  Si  Mo  Cr  Nj_ 

0.27  1.34  0.01  0.005  0.2  0.58  0.13  0.05 


Table  4.2  Composition  of  Filler  Metal 


4.2  Spectroscopic  Measurements 

Figure  4.1  is  a  block  diagram  of  the  system  used  to  acquire  weld 
arc  spectra.  A  50  mm  focal  Length  lens  was  used  to  collect  the  light 
emitted  by  the  welding  arc  and  focus  it  on  the  end  of  an  armored  Dolan- 
Jenner  fiber  optic  bundle.  A  glass  lens  and  bundle  were  used  in  rel¬ 
ative  intensity  measurements;  a  quartz  lens  and  bundle  were  used  to  make 
absolute  intensity  measurements  because  spectral  data  was  needed  tor 
wavelengths  at  which  the  transmittance  of  glass  fibers  is  very  low. 
Figures  4.2  and  4.3  show  the  transmittance  characteristics  of  the  two 
fiber  optic  bundles. 

The  fiber  optic  bundle  terminated  at  the  entrance  sLit  of  an  ISA 
HR-320  monochromator/spectrograph  which  uses  a  0.32  m  Czerny-Turne r 
grating.  A  1200  lines/mm  holographic  grating  was  used,  which  provided  a 
bandwidth  of  60  nm  and  a  resolution  of  0.06  nm.  The  monochromator  was 
configured  as  a  spectrograph,  and  a  1024  element  Reticon  photodiode  ar¬ 
ray  was  used  at  the  exit  slit  to  observe  the  emitted  light.  An  LSI 
11/23  computer  was  used  in  conjunction  with  an  ADAC  12  bit  A/D  converter 
and  a  direct  memory  access  (DMA)  unit  to  acquire  and  process  spectral 
data.  A  parallel  port  and  external  synchronizing  circuit  provided  the 
appropriate  timing  signaLs  for  A/D  conversion  of  the  Reticon  video 
signal.  Weld  arc  spectra  were  stored  on  floppy  disks  for  later  data 
reduction.  The  system  described  above  acquires  data  in  the  following 
way.  The  Reticon  video  circuits  continuously  scan  the  photodiode 
array.  One  scan  takes  approximately  50  ms.  Each  scan  consists  of  a  25 
ms  array  video  signal  pulse  followed  by  a  25  ms  blanking  pulse.  Thu 
slow  scan  rate  aLlows  the  charge  coupled  photodetectors  to  integrate 
over  a  long  period  of  time,  making  it  possible  to  observe  weaker 
spectra . 

The  video  circuits  generate  three  signals:  a  start  pulse  which 
identifies  the  beginning  of  each  scan,  a  0-3  V  video  signal,  and  a  clock 
which  determines  the  scan  rate.  At  the  desired  sampling  time,  one  ot 
the  parallel  interface  outputs  is  set  to  synchronize  the  A/D  converter 
and  DMA  with  the  Reticon  start  pulse  and  the  Reticon  clock.  Conversions 
begin  with  the  initiation  of  the  start  pulse.  After  an  array  scan  is 
completed,  the  parallel  interface  output  is  reset. 

Usually  several  consecutive  array  scans  are  made  and  summed  to¬ 
gether  before  being  stored  on  a  fLoppy  disk.  This  helps  to  reduce  noise 
and  to  factor  out  random  variations  in  the  arc  behavior.  The  data 
acquisition  sequence  can  be  repeated  up  to  200  times  during  a  weld  pass 
with  data  being  transferred  to  floppy  disks  at  the  rate  of  two  scans  per 
second . 
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4.2.  1  Relative  Intensity  Procedure 

AIL  relative  intensity  data  were  collected  Lisina  the  data  ac¬ 
quisition  system  described  above,  at  a  center  wavelength  of  672.5  nm 
during  bead  on  plate  CMA  weLding.  The  lens  used  to  collect  the  light 
emitted  by  the  welding  arc  was  mounted  on  a  bracket  approximately  450  mm 
from  the  torch  head.  It  was  focused  on  the  welding  arc  and  traveled 
with  the  torch  as  shown  in  Figure  4.4. 

Spectral  data  was  collected  at  weld  shield  gas  hydrogen  contents  of 
0.00,  0.05,  0.10,  0.20,  0.25,  0.30,  0.50,  0.75,  and  1.0  percent.  The 
balance  of  the  shielding  gas  was  98  percent  argon  and  2  percent  oxygen; 
welding  grade  gas  was  used.  The  intensity  of  the  hydrogen  emission  line 
at  656.25  nm  was  normalized  to  that  of  the  argon  line  located  at  696.5 
nm,  as  described  in  section  3.4.2. 

Spectroscopic  data  were  taken  during  welding  of  specimens  for  the 
determination  of  weld  diffusible  hydrogen  content. 


4.2.2  Absolute  Intensity  Procedure 

ALL  absoLute  intensity  measurements  were  made  using  the  system 
described  above,  during  CTA  welding  without  filler  wire.  Welding 
voLtage  and  current  were  14  V  and  100  A,  respectively.  The  light  emit¬ 
ted  by  the  welding  arc  was  focused  on  the  fiber  optic  bundle  by  a  lens 
mounted  approximately  150  mm  from  the  GTA  welding  torch.  The  torch  and 
optics  remained  stationary  and  the  workpiece  traveled  beneath  them. 
Spectral  data  was  collected  at  weld  shielding  gas  hydrogen  contents  ot 
0.0,  0.5,  1.0,  1.5,  and  2.0  percent.  The  balance  of  the  shielding  gas 
was  welding  grade  argon.  Spectroscopic  data  was  collected  at  center 
wavelengths  of  656.2  nm  and  460.0  nm. 

An  Optronics  550  tungsten  filament  lamp  with  a  sapphire  window 
(Figure  4.5)  was  used  to  calibrate  the  optical  system  as  described  in 
section  3.5.2. 1.  This  lamp  is  a  standard  of  spectral  radiance  and  is 
used  with  a  Optronics  Model  95  lamp  holder  and  Model  16  precision 
constant  current  dc  power  supply.  This  power  supply  is  specially 
designed  to  operate  tungsten  filament  lamp  standards  and  is  preset  to 
operate  at  the  current  for  which  the  standard  lamp  was  calibrated. 

Because  an  iron  line  located  at  485.9  nm  was  known  to  interfere 
with  accurate  data  acquisition  at  the  hydrogen  wavelength  at  486.1  nm, 
absolute  intensity  data  were  collected  as  the  CTAW  arc  traveled  along 
a  tungsten  plate.  The  tungsten  plate  rested  in  a  water  cooled  copper 
chill  block  during  this  procedure  (Figure  4.6).  The  welding  torch  and 
optical  detector  remained  stationary  and  the  copper  fixture  moved 
beneath  the  torch  at  a  speed  of  7.5  cm  per  minute. 


Figure  4.5  Calibrated  lamp  and  lamp  holder. 
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Figure  4.6  Copper  chiLL  block,  tungsten  test  piece,  steel  specimen,  .md 
GTA  torch. 


4.3  Weld  Diffusible  Hydrogen  Content  Measurement 

Because  of  the  inaccuracies  inherent  in  the  immersion  methods  for 
the  measuring  the  diffusible  hydrogen  content  of  welds  described  in  sec¬ 
tion  2.5.1,  gas  chromatography  was  used  to  measure  the  hydrogen  content 
of  weld  specimens.  No  standard  exists  for  this  procedure,  however,  the 
procedures  used  in  this  study  followed  those  outlined  by  the  American 
Welding  Society  (AWS)  and  1 1 W  for  specimen  preparation. 

4.3.1  Cas  Chromatograph 

All  gas  chromatography  was  performed  using  a  Cow  Mac  Model  20-150 
thermal  equilibrium  gas  chromatograph  equipped  with  a  15  tt  packed 
column  of  molecular  sieve  type  5A  60/80.  The  output  siznal  was  sent  to 
a  Hewlett-Packard  3380A  integrator.  The  absolute  hydrogen  content  of 
specimens  measured  with  this  equipment  was  normalized  to  mL  H 2 / 1 0 0  g  of 
deposited  weld  metal  at  standard  temperature  and  pressure. 


4.3.2  Specimens  and  Procedures 

Figures  4.7  and  4.8  show  the  dimensions  of  the  diffusible  hydro¬ 
gen  specimens  used  in  the  gas  metal  arc  (relative  intensity)  and  gas 
tungsten  arc  (absoLute  intensity)  welding  experiments,  respectively. 
The  specimen  dimensions  selected  for  the  gas  metal  arc  welding  experi¬ 
ments  conforms  to  the  proposed  AWS  standard  A  4.3-8X.  Diffusible  hydro¬ 
gen  specimen  geometry  for  the  gas  tungsten  arc  welding  experiments  was 
seLected  to  allow  preparation  of  the  samples  immediately  following  spec¬ 
tral  data  acquisition. 
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4. 3.2.1  Gas  Metal  Arc  Weld  Hydrogen  Determination  Procedure 

The  diffusible  hydrogen  content  of  welds  made  during  the 
acquisition  of  relative  intensity  spectral  data  was  measured  using  a 
procedure  similar  to  that  suggested  in  the  proposed  AWS  specification. 
Gas  metal  arc  welds  with  the  shield  gas  hydrogen  contents  given  in  sec¬ 
tion  4.2.1  were  made  on  12  mm  x  25  mm  x  80  mm  welding  specimens,  with 
run-on  and  run-off  tabs  at  either  end.  Immediately  after  welding,  the 
specimens  were  quenched  in  an  ice  water  bath.  Following  quenching,  the 
specimens  were  separated  from  the  run-on  and  run-off  tabs,  and  stored  in 
liquid  nitrogen  while  awaiting  testing  to  prevent  premature  out- 
gassing. 

The  following  procedure  was  used  to  clean  each  specimen  before  de¬ 
gassing.  Samples  were  placed  in  an  ethanol  bath  followed  by  washing  in 
anhydrous  ethyl  ether.  Specimens  were  dried  with  a  blast  of  ultra-high 
purity  (UHP)  argon  gas.  As  required  by  the  ISO  procedure  for  preparing 
diffusible  hydrogen  samples  for  outgassing  under  mercury,  the  time  taken 
for  the  cleaning  procedure  did  not  exceed  60  seconds.  After  cleaning, 
the  specimens  were  placed  in  stainless  steel  degassing  chambers  of  the 
type  shown  in  Figures  4.9  and  4.10.  The  outgassing  chambers  were  then 
purged  with  UHP  argon.  After  purging  with  argon,  the  bombs  were  in¬ 
jected  with  a  helium  internal  standard  and  heated  at  150°C  for  eight 
hours.  Following  heating,  samples  of  the  gas  in  the  fixtures  were  in¬ 
jected  into  the  gas  chromatograph  system  described  in  section  4.3.1  for 
analysis.  When  the  analysis  was  completed,  the  specimens  were  removed 
from  the  bombs  and  reweighed.  The  hydrogen  content  of  each  specimen  was 
normalized  to  mL  H2/IOO  g  deposited  weld  metal  at  standard  temperature 
and  pressure. 

4. 3. 2. 2  Gas  Tungsten  Arc  Weld  Hydrogen  Determination  Procedure 

The  diffusible  hydrogen  content  of  gas  tungsten  arc 

welding  specimens  used  in  absolute  intensity  determinations  of  hydrogen 
ion  densities  was  measured  in  the  following  way.  After  acquiring  spec¬ 
tral  data  by  allowing  the  GTA  arc  to  travel  along  a  tungsten  plate  at  a 
constant  speed,  filler  wire  was  fed  into  the  arc  as  it  remained  station¬ 
ary  over  an  armor  steel  specimen  of  dimensions  12.7  mm  x  17.5  mm  x  31.75 
mm.  The  specimen  rested  in  a  water  cooled  copper  chill  block  as  the 
metal  was  deposited.  The  filler  metal  was  applied  to  the  specimen  in  a 
small  area  so  that  as  much  of  the  deposited  metal  would  remain  molten  as 
possible  during  deposition.  The  filler  metal  was  deposited  as  rapidly 
as  possible  to  reduce  the  length  of  time  available  for  outgassing  prior 
to  specimen  quenching.  After  the  arc  was  extinguished,  the  specimens 
were  quenched  in  an  ice  water  bath  and  stored  under  liquid  nitrogen 
while  they  awaited  testing.  The  cleaning  procedure  described  in  section 
4.3.2. 1  was  used  to  wash  each  specimen  before  placing  it  in  an 
outgassing  fixture  and  proceeding  as  described  in  the  preceding  sec¬ 
tion.  Following  outgassing,  each  specimen  was  weighed.  The  hydrogen 
content  of  the  specimens  was  normalized  to  mL  H 2 / 100  g  of  deposited 
metal . 
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Figure  A. 10  Diffusible  hydrogen  specimen  with  outgassing  chamber, 
run-on,  and  run-off  tabs. 


A. A  Implant  Testing 

No  standard  procedure  exists  for  the  implant  test.  However,  the 
International  Institute  for  'aiding  has  published  a  document  containing 
guidelines  for  implant  testir...  [61].  In  general,  the  procedures  in  that 
document  were  followed  in  the  implant  tests  performed  in  this  study. 

A.A.l  Specimens 

All  implant  tests  were  performed  using  helically  notched  spec¬ 
imens  of  the  type  developed  in  the  early  1970's  (Figure  A. 11).  The 
support  plate  geometry  is  shown  in  Figure  A. 12.  Three  holes  were  made 
in  each  each  support  plate  to  allow  multiple  tests.  All  implant  spec¬ 
imens  and  support  plates  were  fabricated  from  the  same  armor  steel  used 
in  the  spectroscopic  tests  and  hydrogen  analysis  specimens. 
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4.4.2  Equipment 

A  servo-cont ro L Led ,  electro-hydraulic  implant  testing  machine  was 
built  for  these  tests  (Figure  4 . 13).  A  22  kip  actuator  with  a  6-m. 
stroke  was  used.  Tests  were  micro-processor  controlled. 

4.4.3  Procedure 

Implant  tests  were  performed  on  gas  metal  arc  welds  made  with  98 
percent  argon,  2  percent  oxygen,  weLding  grade  shield  gas.  Welding 
voltage  and  current  were  31  V  and  310  to  350  amps,  respectively.  Im¬ 
plant  specimens  were  made  with  shield  gas  hydrogen  contents  of  0.0, 
0.05,  0.1,  0.20,  0.25,  and  0.5  percent.  The  filler  metal  was  Linde  95, 
as  in  all  other  tests. 

Prior  to  welding,  the  specimens  and  support  plates  were  preheated 
to  150°F;  this  is  the  preheat  temperature  used  when  the  material  is  fab¬ 
ricated  commercially.  Following  welding,  specimens  were  allowed  to  cool 
to  240°F.  When  the  specimens  had  cooled  to  this  temperature,  the  load 
was  ramped  up  to  the  test  load  over  a  period  of  20  to  60  seconds  as 
recommended  by  the  IIW  in  Document  802-84. 

Either  crack  initiation  or  specimen  rupture  may  be  used  as  the  cri¬ 
terion  to  determine  the  time  to  failure  in  the  implant  test.  The  latter 
is  the  more  common  approach  and  was  used  in  this  study.  Specimens  which 
did  not  fail  within  a  test  time  of  24  hours  at  a  particular  load  level 
were  considered  runouts.  There  is  no  standard  for  determining  test 
length  if  no  failure  occurs.  A  minimum  of  16  hours  is  recommended  [60 |, 
and  24  hours  has  been  used  in  many  other  studies. 

The  highest  load  waich  can  be  applied  to  a  specimen  under  a  given 
set  of  welding  conditions  without  producing  failure  during  the  implant 
test  within  24  hours  is  referred  to  as  the  lower  critical  stress.  The 
lower  critical  stress  is  also  sometimes  referred  to  as  the  implant  rup¬ 
ture  strength.  The  lower  critical  stress  was  determined  for  each  of  the 
weld  shielding  gas  hydrogen  contents  at  which  implant  tests  were  per¬ 
formed  . 
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5.  RESULTS 

5.1  WeLd  Arc  Spectroscopy — Relative  Intensity  Measurements 

The  objective  of  these  experiments  was  to  correlate  the  intensity 
of  the  hydrogen  emission  line  located  at  656.2  nm,  relative  to  that  of 
an  argon  line  located  at  696.5  nm,  with  the  partial  pressure  of  hydrogen 
in  the  welding  arc  atmosphere. 

Figures  5.1  and  5.2  show  qualitatively  the  nature  of  the  changes 
which  occur  in  hydrogen  emission  line  intensity  as  the  hydrogen  content 
ot  the  weld  shielding  gas,  and  thus  of  the  arc  atmosphere,  is  increased 
from  0.0  to  1.0  percent.  When  the  relative  hydrogen  emission  line 
intensity  is  determined  as  described  in  section  3.4.2,  and  plotted 
against  the  hydrogen  content  of  the  shielding  gas,  a  linear  relationship 
is  found  to  exist  between  the  two  parameters,  as  shown  in  Figure  5.3. 

For  the  purposes  of  this  portion  of  the  investigation,  the  partial 
pressure  ot  hydrogen  in  the  weld  shielding  gas  was  assumed  to  be  equiv¬ 
alent  to  the  partial  pressure  of  hydrogen  in  the  weld  arc  atmosphere. 
Additional  hydrogen  is  present  in  the  weld  arc  atmosphere  due  to  con¬ 
tamination  by  consumables  and  the  inability  of  the  shielding  gas  to  com¬ 
pletely  exclude  the  ambient  atmosphere  from  the  vicinity  of  the  welding 
arc.  However,  these  effects  were  ignored  and  compensated  for  later. 
The  following  equation  describes  approximately  the  relationship  between 
the  partial  pressure  of  hydrogen  in  the  arc  atmosphere  and  the  relative 
intensity  of  the  hydrogen  emission  line  at  656.2  nm  when  sources  ot 
hydrogen  outside  the  shielding  gas  are  neglected. 

=  287.5  (P  )  ♦  0.7  (5.1) 

REL  H^ 

As  noted  in  Chapter  3,  the  presence  of  metal  ions  in  the  plasma  af¬ 
fects  hydrogen  line  intensity.  However,  it  also  affects  argon  line  in¬ 
tensity  and  since  different  shield  gas  compositions  (25C02“75Ar  versus 
98Ar  2O2,  for  example)  require  different  calibration  curves,  the  effect 
can  be  neglected.  In  Chapter  6  this  relationship  will  be  used  to  pre¬ 
dict  the  diffusible  hydrogen  content  of  gas  metal  arc  welds. 

5.2  Weld  Arc  Spectroscopy--Absolute  Intensity  Measurements 

In  these  experiments,  standard  spectroscopic  calibration  techniques 
were  used  to  determine  the  absolute  intensity  of  hydrogen  emission  lines 
located  at  434  nm,  486  nm,  and  656  nm.  These  data  were  used  to  cal¬ 
culate  the  average  temperature  of  the  welding  arc,  the  average  hydrogen 
Lon  density,  and  the  average  electron  density  as  described  in  section 
3.5.  The  partial  pressure  of  hydrogen  present  in  the  welding  arc  was 
estimated  by  dividing  the  hydrogen  ion  density  by  the  total  electron 
density,  which  was  assumed  to  equal  the  atom  density.  As  noted  in 
Chapter  3,  this  assumption  can  be  made  because  little  secondary  ioniza¬ 
tion  occurs  in  the  welding  arc. 
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Figure  5.1 


Appearance  of  weld  arc  spectrum  at  656  nm  when  the  shield 
gas  hydrogen  content  is  0.0  percent. 
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Figure  5.2  Appearance  of  weLd  arc  spectrum  at  656  nm  when  the  shield 
gas  hydrogen  content  is  1.0  percent. 
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Figure  5.3  Relationship  between  reLative  hydrogen  line  intens 
partial  pressure  of  hydrogen  in  weld  arc  atmospher 
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Figures  5.4  and  5.5  show  the  spectrum  of  Light  emitted  by  the  weld¬ 
ing  arc  in  the  50  nm  bandwidths  surrounding  the  hydrogen  Lines  which 
were  used  in  making  absoLute  intensity  measurements  of  hydrogen  ion 
density.  The  hydrogen  lines  of  interest  at  434.0  nm,  486.1  nm,  656.2  nm 
and  other  major  peaks  were  identified  using  tables  of  spectral  lines  de¬ 
veloped  by  the  National  Bureau  of  Standards  [60]. 

Measurements  of  the  weld  arc  temperature  were  made  as  described  in 
section  3.5.  When  the  number  density  of  particles  present  in  the  state 
n,  Nn,  is  plotted  againsc  En ,  the  energy  in  the  state  n,  the  sLope  of 
the  line  will  be  1/kT.  This  method  was  used  to  calculate  the  weld  arc 
temperature  from  the  absolute  emission  line  intensities  of  three 
hydrogen  lines.  Figure  5.6  shows  a  typical  plot  of  the  data  used  in 
this  calculation. 

Table  5.1  displays  the  results  of  hydrogen  ion  density,  electron 
density,  and  arc  temperature  measurements  made  on  the  welding  arc  as  the 
hydrogen  content  of  the  shielding  gas  varies.  The  partial  pressure  of 
hydrogen  in  the  weld  arc  atmosphere,  as  determined  by  dividing  the 
hydrogen  ion  density  by  the  electron  density,  is  also  listed.  Weld  arc 
temperature  increased  as  the  hydrogen  content  of  the  shielding  gas  in¬ 
creased.  Figure  5.7  shows  the  change  in  weld  arc  temperature  with  in¬ 
creasing  hydrogen  content.  Figures  5.8  and  5.9  display  the  averaged  re¬ 
sults  of  hydrogen  ion  density  and  electron  density  measurements,  respec¬ 
tively.  Figure  5.10  shows  the  average  hydrogen  partial  pressure  in  the 
weld  arc,  as  calculated  spectroscopically,  as  a  function  of  the  partial 
pressure  of  hydrogen  in  the  shielding  gas. 

In  GTA  welding,  no  hydrogen  source  in  the  form  of  filler  wire  lub¬ 
ricants  is  available  to  the  welding  arc.  Therefore,  the  partial  pres¬ 
sure  of  hydrogen  in  the  weld  arc  atmosphere  should  closely  approximate 
the  partial  pressure  of  hydrogen  in  the  weld  shielding  gas.  However, 
this  result  was  not  obtained  in  this  experiment.  Possible  reasons  for 
this  will  be  discussed  in  Chapter  6. 

The  electron  density  and  hydrogen  ion  density  measurements  are  not 
inconsistent  with  results  reported  in  the  limited  literature  in  this 
area  [50].  Generally,  the  particle  density  measurements  are  close  to 
the  highest  values  reported  in  other  studies. 
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5.3  WeLd  Diffusible  Hydrogen  Contents 


The  diffusible  hydrogen  content  of  CMA  and  CTA  welding  specimens 
was  measured  using  various  weld  shielding  gas  contents  to  determine 
whether  the  results  of  spectroscopic  measurements  could  be  related  to 
the  hydrogen  content  of  the  resulting  welds. 

5.3.1  Gas  Metal  Arc  Welds 

GMAW  diffusible  hydrogen  content  specimens  were  prepared  during 
acquisition  of  the  spectroscopic  data  described  in  section  5.1  and 
analyzed  as  described  in  section  4.3.2.  The  rate  at  which  hydrogen 
evolved  from  the  specimens  is  shown  in  Figure  5.11,  which  demonstrates 
that  no  significant  level  of  hydrogen  remained  in  the  specimens  follow¬ 
ing  outgassing.  A  recently  published  study  showed  that  evolution  of 
diffusible  hydrogen  from  specimens  of  this  type  is  complete  within  seven 
hours  at  lSO’C  [61]. 
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Table  5.2  lists  the  results  of  the  measurements  of  the  diffusible 
hydrogen  content  of  GMA  welds.  The  hydrogen  content  of  the  welds  in¬ 
creased  as  the  hydrogen  content  of  the  weld  shielding  gas  increased,  as 
shown  in  Figure  5.12.  In  Chapter  6,  the  diffusible  hydrogen  content  of 
the  welded  specimens  will  be  correlated  with  the  hydrogen  content  of  the 
weld  arc  atmosphere  and  the  relative  intensity  of  the  hydrogen  emission 
line  at  656.2  nm. 

5.3.2  Gas  Tungsten  Arc  Welds 

The  results  of  measurements  of  weld  diffusible  hydrogen  content 
made  on  GTAW  specimens  are  given  in  Table  5.3.  The  data  are  in¬ 
consistent.  The  average  diffusible  hydrogen  content  of  the  specimens 
increases  up  to  shield  gas  hydrogen  content  of  1.0  percent  and  then  de¬ 
creases.  '"his  is  apparently  caused  by  the  formation  of  porosity  in  the 
specimens  as  the  shield  gas  hydrogen  content  increases. 

Although  it  is  possible  to  operate  GTA  welding  equipment  at  volt¬ 
ages  and  currents  as  high  as  those  commonly  used  in  GMAW,  these  spec¬ 
imens  were  made  using  a  far  lower  arc  voltage  and  current  than  the  CMAW 
specimens  discussed  above.  The  welding  parameters  were  selected  to 
prevent  overheating  during  acquisition  of  spectroscopic  data.  The 
welding  arc  was  in  contact  with  the  specimen  for  45  seconds  to  1  minute 
during  these  experiments.  This  lengthy  contact  was  necessary  to  ensure 
that  a  sufficient  quantity  of  hydrogen  in  solution  would  be  present  in 
the  deposited  metal  to  be  measurable  by  the  gas  chromatography  technique 
employed  in  this  study. 
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Table  5.2  Diffusible  Hydrogen  Content  Data — CMA  Welds 


Diffusible  Hydrogen 

%  Hydrogen  in  Content  of  Test  Welds 

Shielding  Gas  (mL  H2 / 100  g 

deposited  weld  metal) 


Average  Diffusible 
Hydrogen  Content  of 
Test  Welds  (mL  H2/IOO 
deposited  weld  metal) 


0.0 

1.59 

1.54 

1.83 

1.65 

0.05 

1.39 

3.28 

2.4 

2.35 

0.10 

1.79 

4.57 

1.84 

2.7 

0.15 

2.37 

2.42 

3.76 

2.85 

0.20 

2.84 

2.85 

7.22 

4.30 

0.25 

3.05 

2.63 

8.12 

4 . 6 

0.30 

3.54 

7.07 

6.73 

5.69 

0.50 

4.82 

4.57 

2.3 

10.91 

5.46 

0.75 

4.37 

4.9 

3.8 

6.46 

5.38 

1.0 

3.97 

3.7 

4.1 

3.93 

Figure  5.12  Change  in  weld  diffusible  hydrogen  content  with  increasing 
shield  gas  hydrogen  content. 


TabLe  5.3  Diffusible  Hydrogen  Content  Data — GTA  Welds 
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%  Hydrogen  in 
Shielding  Gas 


Diffusible  Hydrogen 
Content  of  Test  Welds 
(mL  H2/100  g 
deposited  weld  metal) 


Average  Diffusible 
Hydrogen  Content  of 
Test  Welds  (mL  H2/100  g 
deposited  weld  metal) 


0.0 

2.04 

0.94 

0.5 

1.16 

0.5 

3.59 

5.6 

4.59 

1.0 

2.95 

10.18 

19.38 

10.84 

1.5 

1.30 

2.0 

0.642 

1.3 

2.0 

2.20 

3.71 

5.11 

3.67 

An  attempt  was  made  to  keep  the  deposited  metal  liquid  during  spec¬ 
imen  fabrication.  However,  the  use  of  the  copper  chill  block  to  keep 
the  base  metal  as  cool  as  possible  during  welding  (to  prevent  premature 
outgassing)  makes  this  difficult.  As  a  result,  liquid  circulation  in 
the  liquid  pool  is  reduced.  The  Liquid  metaL  becomes  supersaturated 
with  hydrogen  as  the  shield  gas  hydrogen  content  increases  and  porosity 
forms . 

The  hydrogen  in  these  pores  is  present  in  the  form  of  molecular  H2 
gas  which  is  not  diffusible  and  is  not  measurable  with  this  test. 
Hence,  the  measured  diffusible  hydrogen  content  of  the  welds  decreases 
despite  the  increase  in  the  partiaL  pressure  of  hydrogen  in  the  weld  arc 
atmosphere . 
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5. A  Implant  Tests 

ImpLant  tests  were  performed  to  determine  the  susceptibility  of 
armor  steel  to  hydrogen  induced  cracking.  The  objective  was  to  de¬ 
termine  how  the  mechanicaL  properties  of  weLds  in  armor  st  l  are  af¬ 
fected  as  the  hydrogen  partial  pressure  in  the  welding  arc  (and  the  dif¬ 
fusible  hydrogen  content  of  the  weLds)  increase. 


5.4.1  Metal lography  and  Fractography  of  Implant  Specimens 

Figure  5.13  is  a  section  through  an  implant  specimen  in 
which  failure  occurred,  showing  the  geometry  of  the  test  and  specimen 
faiLure  in  the  heat  affected  zone.  Figures  5.14  through  5.16  show  the 
base  metal,  weLd  metal,  and  heat  affected  zone  microstructures,  respec¬ 
tively.  No  detailed  analysis  of  microstructural  effects  was  performed 
because  fractography  of  the  specimens  showed  that  hydrogen  trapping  at 
inclusions  was  the  most  important  factor  in  initiating  hydrogen  induced 
cracking.  Although  there  was  also  evidence  that  some  fracture  occurred 
along  the  prior  austenite  grain  boundaries,  this  was  a  minor  effect 
compared  to  fracture  initiation  at  inclusions. 
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L  IMPLANT  SPECIMEN 
FRACTURE  IN  HAZ 


Figure  5.13  Section  through  implant  specimen. 


Figure  5.14  Armor  steel  base  metal  microstructure  (160x) 


Figure  5.15  Armor  steel  weld  metal  microstructure  (160x) 
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Scanning  electron  microscopy  was  performed  on  the  fracture  surfaces 
of  implant  test  specimens.  The  appearance  of  the  fracture  surfaces 
varied  with  the  appLied  load  and  time  to  failure.  Figure  5.17  shows  an 
appLied  stress  versus  time  to  failure  curve  typical  of  the  results  of  an 
implant  test.  It  is  divided  into  three  regimes,  each  of  which  is 
characterized  by  a  different  type  of  fracture  surface. 

Regime  A  is  composed  of  tests  performed  at  high  load  levels  (ap¬ 
proaching  the  UTS)  in  which  failure  occurred  in  less  than  10  minutes. 
The  fracture  surfaces  of  these  specimens  display  mixed  fracture  charac¬ 
teristics.  Areas  of  brittle  fracture  surround  large  inclusions  as  shown 
in  Figure  5.18.  Duct ile,  dimpLe  rupture  characterizes  the  fracture  sur¬ 
face  in  areas  not  surrounding  inclusions. 

This  type  of  failure  occurs  because  atomic  hydrogen  dissolved  in 
the  weld  diffuses  preferentially  to  trapping  sites  such  as  inclusions. 
The  hydrogen  causes  fracture  of  the  inclusions  as  shown  in  Figure  5.19 
and  brittle  crack  growth  in  the  metal  surrounding  it.  The  applied 
stress  in  these  tests  approaches  the  ultimate  tensile  strength  of  the 
material.  Therefore,  little  hydrogen  induced  crack  growth  occurs  before 
the  final  failure  which  cakes  place  in  a  ductile  fashion  when  the 
remaining  section  is  too  small  to  support  the  applied  load. 

The  fracture  surfaces  in  regime  B  are  characterized  by  brittle, 
usually  transgranular  fracture,  as  shown  in  Figure  5.20.  In  this  regime 
there  is  sufficient  stress  and  sufficient  time  for  hydrogen  diffusion  to 
the  advancing  crack  tip,  to  permit  extensive  hydrogen  induced  crack¬ 
ing.  Most  of  the  britcLe  fracture  occurs  in  a  transgranular  fashion. 
Some  intergranular  cracking  is  also  found,  however,  as  shown  in 
Figure  5.21. 

As  in  regime  A,  the  fracture  surfaces  of  specimens  which  did  not 
fail  during  the  24-hour  test  period  (region  C)  are  dominated  by  ductile 
fracture.  Brittle  areas  can  be  observed  around  inclusions  as  shown  in 
Figure  5.22.  While  hydrogen  diffused  to  trapping  sites  such  as 
inclusions  in  these  specimens  just  as  in  the  short  life  specimens, 
insufficient  hydrogen  was  present,  or  the  applied  load  was  too  low  for 
crack  propagation  to  failure  to  occur.  Instead,  inclusion  cracking  is 
seen,  accompanied  by  some  brittle  cracking  in  the  metal  matrix  around 
the  inclusions.  Areas  of  ductile  fracture  are  observed  because  tensile 
overloads  were  applied  to  specimens  which  did  not  fail  within  24  hours 
to  terminate  the  test  and  allow  removal  of  the  specimen.  Hence, 
fracture  of  the  uncracked  material  occurred  in  a  ductile  manner,  as  seen 
in  Figure  5.22. 


LOG  TIME 

Figure  5.17  Load  vs  time  to  failure  plot  typicaL  of  implant 
test  results  showing  three  fracture  type  regimes 
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Figure  5.18  Brittle  fracture  surrounding  inclusion  site 
dimple  future  of  surrounding  area. 
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Figure  5.21  BrittLe  transgranular  fracture  characterized 
by  Large  facets. 


Figure  5.22  Intergranular  and  transgranular  brittle  fract 
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It  i  s  „  interest ing  to  note  that  the  results  of  the  scanning  electron 
microscopy  support  the  theory  that  both  a  sufficient  quantity  of  hydro¬ 
gen  and  a  sufficient  leveL  of  tensile  stress  must  be  present  for  hydro¬ 
gen  induced  cracking  to  occur.  In  implant  tests  in  which  the  applied 
load  was  sufficiently  low,  brittle  cracks  initiated  around  hydrogen 
trapping  sites  but  crack  propagation  did  not  occur. 


STRESS,  KSI  (MPa) 


05  %  H  in 
Shielding  Gas 


—  LCS  58 KSI 
(349  MPa) 


TIME  (MINUTES) 

Figure  5.24  Implant  test  results — shield  gas  hydrogen 
content  of  0.05  percent. 
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Figure  5.25  Implant  test  resuLts — shield  gas  hydrogen 
content  of  0.10  percent. 
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Figure  5.28  implant  test  results — shield  gas  hydrogen 
content  of  0.5  percent. 


Table  5.4  Implant  Test  Data 


Diffusible  Hydrogen 

Z  Hydrogen  in  Content  of  Test  Welds 

Shielding  Gas  (mL  H2/IOO  g  Lower  Critical  Stress 

deposited  weld  metal)  Ksi  MPa 


The  implant  tests  show  that  the  lower  criticaL  stress  decreases  as 
the  hydrogen  content  of  the  shielding  gas  (and  weld  arc  atmosphere)  in¬ 
creases.  Figure  5.29  shows  the  change  in  lower  critical  stress  as  the 
shielding  gas  hydrogen  content  increases.  Figure  5.30  shows  the  change 
in  lower  critical  stress  with  the  increase  in  weld  diffusible  hydrogen 
content  (the  result  of  increasing  weld  arc  hydrogen  content).  As  the 
hydrogen  content  of  the  weld  shielding  gas  increased,  the  lower  critical 
stress  in  the  implant  test  generally  decreased.  When  the  shielding  gas 
contained  0.50  percent  hydrogen  (the  highest  shield  gas  hydrogen  content 
at  which  implant  tests  were  performed)  the  implant  rupture  strength  was 
only  55  percent  of  that  measured  when  implant  tests  were  run  on  spec¬ 
imens  welded  with  hydrogen  free  shielding  gas. 

However,  when  0.05  percent  of  hydrogen  was  added  to  the  weld 
shielding  gas,  an  increase  in  the  lower  critical  stress  over  that 
measured  under  hydrogen  free  welding  conditions  occurred.  This  anom¬ 
alous  behavior  could  be  the  result  of  an  increase  in  weld  penetration 
due  to  the  hydrogen  addition  to  the  welding  arc  [62].  Such  an  increase 
in  penetration  would  increase  the  size  of  the  molten  pool.  It  is  pos¬ 
sible  that  the  size  of  the  fused  metal  and  HAZ  regions  could  increase 
enough  to  reduce  the  total  hydrogen  concentration  in  the  joint,  even 
though  the  hydrogen  content  of  the  weld  arc  atmosphere  increased 
si ightly. 

The  diffusible  hydrogen  content  of  welds  made  with  a  shield  gas 
hydrogen  content  of  0.05  percent  were  slightly  higher  than  those  made 
with  hydrogen  free  shielding  gas.  However,  diffusible  hydrogen  measure¬ 
ments  are  made  in  terms  ot  hydrogen/100  g  deposited  weld  metal,  not  in 
terms  of  the  total  fused  metal  hydrogen  content.  Therefore,  this  very 
small  hydrogen  addition  to  the  shielding  gas  could  produce  an  increase 
in  the  amount  of  hydrogen/ 100  g  of  deposited  weld  metal,  even  though  the 
hydrogen  concentration  in  the  entire  joint  decreased.  A  second  reason 
for  the  observed  increase  in  the  implant  strength  could  be  slightly 
lower  dislocation  mobility  caused  by  a  small  increase  in  hydrogen 
content  of  the  joint.  If  the  amount  of  additional  hydrogen  in  the  joint 
were  sufficiently  small,  a  slight  strengthening  might  occur  without 
causing  significant  embrittlement  compared  to  the  nominally  hydrogen 
free  condition. 

Only  0.3  mL  of  additional  H2/IOO  g  of  deposited  weld  metal  is  added 
to  the  weld  hydrogen  content  as  the  weld  shielding  gas  hydrogen  content 
goes  from  0.0  to  0.05  percent.  The  reason  for  the  observed  increase  in 
implant  strength  at  a  shielding  gas  hydrogen  content  of  0.05  percent  is 
not  important  for  the  purposes  of  this  investigation.  Whatever  the 
mechanism,  the  addition  of  small  imounts  of  hydrogen  to  weld  shielding 
gas  is  not  recommended  as  a  strengthening  mechanism  in  armor  steel  welds 
on  the  basis  of  these  results. 

In  the  next  chapter,  changes  in  lower  critical  stress  will  be  re¬ 
lated  to  '  >e  diffusible  hydrogen  content  of  the  weld,  and  the  hydrogen 
content  jf  the  weld  arc  atmosphere. 


LOWER  CRITICAL  STRESS,  KSI  (MPa) 
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PARTIAL  PRESSURE  OF  HYDROGEN  IN  SHIELDING  GAS 


Figure  5.29  Change  in  Lower  critical  stress  with 

increasing  shieLd  gas  hydrogen  content, 
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Figure  5.30  Change  in  lower  critical  stress  with 

increasing  weld  diffusible  hydrogen  content 
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6.  DISCUSSION  OF  RESULTS 


In  the  preceding  chapter,  the  results  of  spectroscopic,  diffusible 
hydrogen,  and  implant  testing  experiments  were  presented.  In  this 
chapter  these  results  will  be  used  together  with  Sieverts'  law  to  de¬ 
velop  a  relationship  between  hydrogen  emission  line  intensity  and  weld 
diffusible  hydrogen  content.  Weld  hydrogen  content  will  be  correlated 
with  hydrogen  induced  cracking  susceptibility  in  armor  steel. 


6.1  Sieverts'  Law 


In  Chapter  2,  previous  uses  of  Sieverts'  law  in  modeling  hydrogen 
pickup  during  welding  were  discussed.  Sieverts'  law,  which  applies  to 
the  absorption  of  diatomic  gases  by  metals,  states  that 


s  ■  sh  <y 


(6.1.1) 


In  the  specific  case  of  hydrogen  absorption  by  steel  during  the  welding 
process,  C^  is  the  hydrogen  content  of  the  weld,  P^  is  the  partial 
pressure  of  hydrogen  in  the  atmosphere  above  the  molten  weld  pool,  and 
SH  is  the  solubility  of  hydrogen  in  steel  at  the  temperature  of  the  weld 
pool.  Although  Sieverts  developed  this  expression  empirically  in  the 
early  part  of  the  twentieth  century  [30],  thermodynamic  concepts  can  be 
used  to  arrive  at  the  expression.  For  the  reaction 


(H]  +  [H] 


(6.1.2) 


the  reaction  constant  is 


(6.1.3) 


In  this  expression,  a H  is  the  activity  of  the  dissolved  hydrogen. 


activity,  a^,  of  a  substance  is  the  ratio  of  the  partial  pressure  of  the 
substance,  t,  above  a  solution  to  the  partial  pressure  of  the  pure  sub¬ 
stance,  i.  For  small  concentrations  of  hydrogen  above  steel,  the  activ¬ 
ity  of  hydrogen  is  proportional  to  its  concentration;  hence 


„  -  (*H]‘ 

P 

H2 


(6.1.4) 


( %H ]  =  K  (P  ) 
H2 


(6.1.5) 


This  expression  is  identical  in  form  to  equation  (6.1.1). 


To  apply  this  expression  to  the  prediction  of  the  diffusible 
hydrogen  content  of  arc  welds,  the  solubility  of  hydrogen  in  the  weld 
pool,  Sj_j  ,  and  the  partial  pressure  of  hydrogen  in  the  weld  arc  at¬ 
mosphere  must  be  determined. 
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6.1.1  Solubility  of  Hydrogen  in  the  Weld  Pool 

The  solubility  of  hydrogen  in  molten  iron  is  a  function  of  the 
temperature  of  the  molten  metal  and  its  composition.  Composition 
effects  are  relatively  minor  and  were  neglected  in  this  study.  It  is 
difficult  to  determine  the  exact  value  of  as  the  temperature  of  the 
weld  pool  is  neither  uniform  through  the  molten  region  nor  well  de¬ 
fined.  Weinstein  and  Elliott  [63]  found  that  the  expression 

log  S  =  -  +  2.455  ml  H./100  gm  Fe  (6.1.6) 

HI  2. 

describes  the  solubility  of  hydrogen  in  iron.  At  a  temperature  of 
2300°C,  this  equation  gives  a  value  of  51.8  mL  H^/lOO  g  Fe.  Howden  and 
Milner  [34]  show  a  maximum  solubility  of  approximately  48  mL  Hj/lOO  g 
Fe,  but  do  not  provide  an  expression  for  estimating  the  value  of  S„. 
The  data  of  Weinstein  and  Elliott  was  used  to  assign  a  value  to  the 
solubility  of  hydrogen  in  the  following  sections. 

6.1.2  Measurement  of  Hydrogen  Partial  Pressure  in 
Weld  Arc  Atmospheres 

The  use  of  emission  spectroscopy  to  measure  the  partial  pressure 
of  hydrogen  in  weld  arc  atmospheres  was  discussed  extensively  in  Chapter 
3.  The  two  techniques  presented  (relative  emission  line  intensity  and 
absolute  emission  line  intensity  measurements)  were  used  to  determine 
the  hydrogen  partial  pressures  in  GMA  and  GTA  welding  arc  atmospheres 
respectively,  and  the  values  thus  measured  were  used  with  equation 
(6.1.1)  to  predict  weld  hydrogen  contents. 

6.2  Prediction  of  the  Hydrogen  Content  of  GMA  Welds: 

Relative  Intensity  Method 

In  section  5.1  it  was  shown  that  a  linear  relationship  exists  be¬ 
tween  the  partial  pressure  of  hydrogen  present  in  the  welding  arc  and 
the  relative  intensity  of  the  hydrogen  line  at  656.2  nm.  Thus,  equation 
(6.1.1)  can  be  written 

CH*SH  1  '“L.’'1*  (6-2-U 

Solving  equation  (5.1.1)  for  the  partial  pressure  of  hydrogen  in  the 
weld  arc  atmosphere,  equation  (6.2.1)  can  be  rewritten  as 

Cu  =  su  (dLr  ~  0.7)/( 287.5)]'^  (6.2.2) 

H  H  Kc.  L 

This  equation  predicts  the  weld  hydrogen  content  from  a  spectro¬ 
scopically  measurable  quantity,  i.e.,  the  relative  intensity  of  the 
hydrogen  line  at  the  wavelength  656.2  nm. 

In  this  study,  the  calibration  curve  used  to  relate  relative  hydro¬ 
gen  line  intensity  to  the  partial  pressure  of  hydrogen  in  the  weld  arc 
atmosphere  was  generated  (as  described  in  section  3.4.2)  by  equating  the 
shield  gas  hydrogen  partial  pressure  with  the  hydrogen  partial  pressure 
in  the  weld  arc  atmosphere.  This  introduces  a  slight  error  because  the 


effects  of *the  dissociation  of  Lubricants  on  fiLLer  wire,  and  any  hydro¬ 
gen  present  in  the  base  plate  on  hydrogen  Line  intensity,  are  neglected 
in  generating  the  calibration  curve.  Thus,  the  spectroscopically 

measured  hydrogen  partial  pressure  will  be  slightly  lower  than  the 
actual  hydrogen  partial  pressure  in  the  weld  arc  atmosphere.  In  order 
to  compensate  for  this,  another  term,  C  ,  was  added  to  equation  (6.1.1), 
resulting  in  a  modified  version  of  Sieverts'  law, 

CH  *  SH  <PH2)^  C2  (6-2'3> 

Here,  C°  refers  to  the  hydrogen  content  of  a  weld  made  under  nominally 
hydrogen  free  conditions.  This  term  accounts  for  the  amount  of  diffus¬ 
ible  hydrogen  absorbed  by  the  weld  pool  from  sources  not  considered  in 
developing  the  spectroscopic  calibration  curve.  Arata,  et  al.  [32],  in¬ 
cluded  such  a  term  in  using  Sieverts'  law  to  predict  the  hydrogen  con¬ 
tent  of  underwater  gas  metal  arc  welds. 

The  diffusible  hydrogen  content  of  test  welds  fabricated  under  the 
cleanest  possible  conditions  was  measured  to  determine  the  value  of  C  . 
Based  on  these  tests,  a  value  of  1.60  mL  H 2 / 100  g  deposited  weld  metal 
was  assigned  to  this  constant.  This  is  similar  to  the  value  measured  by 
other  workers  [32]. 

6.3  Comparison  of  Measured  and  Calculated  Weld  Hydrogen  Contents: 

CMA  Welds 

The  solubility  of  hydrogen  in  steel  is  strongly  dependent  on  tem¬ 
perature;  therefore,  selection  of  weld  pool  temperature  for  calculations 
of  weld  hydrogen  content  is  very  important.  Some  workers  have  estimated 
the  weld  pool  temperature  to  be  16003C  to  1700°C  [5,7],  but  more  recent 
work  indicates  that  the  weld  pool  is  much  hotter,  with  temperatures  as 
high  as  2300° C  [34,35]. 

Mallett  [7]  obtained  good  agreement  between  theoretical  and 
measured  values  of  hydrogen  by  estimating  the  weld  pool  temperature  to 
be  between  1550°C  and  1700°C.  Therefore  theoretical  weld  hydrogen  con¬ 
tents  were  calculated  for  1700°C  as  well  as  for  weld  pool  temperatures 
of  2 100°C  and  2300°C  on  the  basis  of  later  work  [35]. 

The  calculated  and  measured  values  of  the  weld  hydrogen  contents 
are  found  in  Table  6.1.  Comparisons  between  the  calculated  and  measured 
diffusible  hydrogen  content  of  the  welded  specimens  are  shown  in 
Figure  6.1.  At  low  hydrogen  partial  pressures,  the  measured  weld 
hydrogen  contents  are  very  close  to  the  calculated  values  obtained  when 
a  weld  pooL  temperature  of  16503C  to  1700°C  is  assumed.  However,  at 
higher  arc  atmosphere  hydrogen  concentrations,  weld  hydrogen  contents 
calculated  for  higher  weLd  pool  temperatures  agree  more  closely  with  the 
measured  weld  hydrogen  contents. 
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When  tile  shield  gas  hydrogen  content  is  increased  to  1.0  percent,  a 
drop  in  the  measured  diffusible  hydrogen  content  of  the  weld  is  ob¬ 
served.  This  is  due  to  the  generation  of  porosity  in  the  weld  as  the 
shield  gas  hydrogen  content  increases.  Hydrogen  present  in  the  form  of 
porosity  is  non-d i f f us i ble ,  and  either  escapes  from  holes  in  the  top  of 
the  weld  or  remains  trapped  in  subsurface  pores. 

The  apparent  increase  in  hydrogen  solubility  as  the  shield  gas 
hydrogen  concentration  increases  is  probably  due  to  an  increase  in  weld 
pool  temperature  as  the  hydrogen  content  of  the  arc  atmosphere  in¬ 
creases.  Several  factors  contribute  to  this  temperature  increase. 

The  addition  of  hydrogen  to  the  weld  shielding  gas  tends  to  cause 
an  unstable  arc.  An  increase  in  arc  current  helps  to  stabilize  the  arc 
but  also  increases  the  arc  temperature  [64].  Hydrogen  dissociates  in 
the  welding  arc.  However,  near  the  anode  surface,  hydrogen  is  known  to 
give  up  heat  of  association  in  the  complex  reactions  occurring  in  the 
anode  drop  zone,  increasing  local  temperature  [65].  Furthermore,  the 
presence  of  hydrogen  in  weld  shielding  gas  produces  some  constriction  of 
the  welding  arc.  Hydrogen  also  has  a  thermal  conductivity  approximately 
ten  times  that  of  argon  [66],  so  it  is  clear  that  a  variety  of  causes 
exist  for  an  increase  in  weld  pool  temperature  as  the  hydrogen  content 
of  the  weld  shielding  gas  increases. 
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Table  6.1  Measured  and  Predicted  Weld  Diffusible  Hydrogen  Contents-- 
GMA  Welds 


Average  Measured  Weld 
%  Hydrogen  in  Diffusible  Hydrogen 

Shielding  Gas  Content  (mL  H2/IOO  g 

deposited  weld  metal) 


Predicted  Weld  Diffusible 
Content  (mL  H 2  /  100  g 
deposited  weld  metal)  for 
Each  Weld  Pool  Temperature 


1700°C 

2 100°C 

2  300  3  C 

-■  .  -\  < 

. 

0.0 

1.65 

1.65 

1.65 

1.65 

V  V  V.V  * 

0.05 

2.35 

2.39 

2.70 

2.86 

0.10 

2.7 

2.68 

3.13 

3.34 

0.15 

2.85 

2.90 

3.45 

3.72 

0.20 

4.30 

3.08 

3.72 

4.03 

.  -\v 

0.25 

4.6 

3.25 

3.95 

4.30 

0.30 

5.69 

3.40 

4.17 

4.55 
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0.5 

5.46 

3.89 

4.88 

5.38 

0.75 

5.38 

4.38 

5.61 

6.21 
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Comparison  of  experimentally  measured  weld  hydro^ 
predicted  \>y  a  modified  version  of  Si  evert  s'  Law1, 


Some  observations  made  by  SaLter  [35]  support  this  hypothesis.  He 
observed  that  an  increase  in  hydrogen  partial  pressure  in  the  weld  arc 
atmosphere  produced  a  change  in  the  apparent  optical  intensity  (bright¬ 
ness)  of  the  "hot  zone"  immediately  under  the  center  of  the  welding 
arc.  Although  no  appreciable  increase  in  the  size  of  this  zone  was  ob¬ 
served,  the  increased  brightness  can  be  explained  by  an  increase  in  the 
temperature  of  the  weld  pool  in  the  zone  immediately  beneath  the  arc. 
In  measurements  of  weld  pool  temperatures  made  in  the  same  study,  an  in¬ 
crease  in  the  partial  pressure  of  hydrogen  in  the  arc  atmosphere  was 
found  to  have  a  negligible  effect  on  weld  pool  temperature.  However,  in 
a  later  study,  an  increase  in  anode  temperature  was  observed  as  hydrogen 
was  added  to  the  argon  shielding  gas  in  GTA  welding  [65]. 

Convection  occurs  in  the  weld  pool,  allowing  excess  hydrogen  ab¬ 
sorbed  in  hotter  parts  of  the  weld  pool  to  be  carried  to  other  parts  of 
the  weld  pool  by  the  stirring  action.  Lancaster  [67]  suggests  that  hy¬ 
drogen  absorption  to  the  limit  of  solubility  occurs  at  the  arc  root. 
Hydrogen  is  then  distributed  throughout  the  weld  pool  by  metal  circula- 


6.4  Absolute  Intensity  Measurements 

Absolute  intensity  measurements  of  weld  arc  hydrogen  partial  pres¬ 
sure  were  made  to  determine  whether  more  accurate  prediction  of  weld 
diffusible  hydrogen  content  could  be  made  with  this  technique  than  with 
the  relative  intensity  approach.  The  results  of  the  absolute  intensity 
measurements  of  hydrogen  partial  pressure  in  the  CTAW  arc  atmosphere 
were  not  accurate  enough  to  make  such  predictions.  However,  a  number  of 
other  interesting  results  were  obtained  and  are  discussed  in  the  follow¬ 
ing  sections. 


6.4.1  Temperature  Measurements 

The  results  reported  in  Chapter  5  showed  that  reasonably  good 
agreement  was  found  between  the  temperatures  measured  in  this  study  and 
results  reported  in  the  literature.  Furthermore,  the  expected  increase 
in  the  average  weld  arc  temperature  as  the  hydrogen  content  of  the  weld 
arc  atmosphere  increased  was  observed.  However,  it  must  be  recognized 
that  the  measured  temperatures  do  not  represent  spatially  resolved  de¬ 
terminations  of  local  weld  arc  temperatures. 

A  radial  distribution  of  temperatures  exists  in  a  welding  arc  as 
shown  in  Figure  6.2(A)  and  (B).  If  local  arc  temperatures  are  to  be 
determined,  a  small  segment  of  the  arc  must  be  spatially  resolved  and 
the  light  emitted  by  it  focussed  on  the  entrance  slit  of  a  mono¬ 
chromator.  However,  welding  arcs  are  approximately  ax i symmet r i c ,  so 
that  the  temperature  varies  along  the  line  of  sight  through  the  arc  as 
shown  in  Figure  6.2(C).  The  Abel  inversion  method  is  used  to  compensate 
for  this  temperature  change,  by  converting  intensity  data  in  terms  of 
W/cm  -ster  to  a  volume  intensity  in  a  local  region  which  can  be 
characterized  by  a  single  temperature  in  terms  of  W/cm  -ster  [68]. 


Criem  [47^  describes  Che  use  of  Chis  method,  and  it  is  used  in  most 
reported  attempts  to  measure  temperature  distributions  in  welding  arcs 
[49,52,64,69]. 

The  Abel  inversion  was  not  used  in  these  measurements  because  the 
optical  system  used  was  designed  for  performing  relative  intensity 
measurements  of  average  weLd  arc  composition  and  is  not  capable  of 
spatially  resolving  small  areas  in  the  welding  arc.  Therefore,  the  in¬ 
tensity  measurements  were  dominated  by  the  light  emitted  from  the 
brightest  (i.e.,  hottest)  part  of  the  welding  arc.  Thus,  the  temper¬ 
atures  measured  in  this  study  are  valid  if  they  are  considered  to  repre¬ 
sent  an  upper  bound  on  the  average  temperature  of  che  welding  arc  [70]. 
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The  temperature  measurements  are  also  of  interest  because  they  sup¬ 
port  the  conclusion  in  section  6.3  that  increasing  the  hydrogen  content 
of  the  weld  arc  atmosphere  results  in  an  increased  weld  pool  temper¬ 
ature.  It  was  also  noted  in  section  6.3  that  hydrogen  absorption  is 
controlled  by  the  temperature  in  the  hottest  part  of  the  weld  pool  where 
hydrogen  solubility  is  highest.  Thus,  use  of  temperature  measurements 
which  represent  an  upper  bound  is  reasonable  in  examining  the  effect  of 
shield  gas  hydrogen  content  on  weld  arc  and  weld  pool  temperatures. 


(A) 


(0 


(B) 
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Figure  6.2  Temperature  distribution  in  the  welding  arc  and  line  of 
sight  through  zones  of  changing  temperature. 
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6.4.2  Electron  Density  Measurements 

Weld  arc  temperature  measurements  were  performed  in  this  study 
largeLy  for  the  purpose  of  measuring  the  electron  density  of  the  weld 
arc  plasma.  As  discussed  in  section  3.5.2,  electron  densities  can  be 
determined  from  the  Stark  width  of  a  hydrogen  line,  and  the  temperature 
of  the  plasma.  Electron  density  is  a  slowly  varying  function  of 
temperature  [47],  so  using  maximum  weld  arc  temperatures  in  determining 
electron  density  does  not  greatly  affect  the  results.  The  electron 
densities  measured  in  this  study  agree  reasonably  well  with  those  re¬ 
ported  in  other  work  [50]. 

However,  it  is  clear  from  Figure  5.9  that  there  are  some  inaccur¬ 
acies  in  the  electron  density  measurements.  Electron  density  is  ob¬ 
served  to  increase  with  the  hydrogen  content  of  the  shielding  gas.  But, 
shield  gas  hydrogen  content  should  not  have  a  significant  effect  on 
electron  density. 

Tt  is  possible  that  the  increase  in  the  weld  pool  and  weld  arc  tem¬ 
perature  associated  with  the  additional  hydrogen  increases  the  metal 
vapor  pressure  above  the  weld  pool  sufficiently  to  produce  the  observed 
increase  in  electron  density.  When  the  metal  vapor  pressure  above  the 
weld  pool  increases,  a  large  number  of  easily  ionized  metal  atoms  are 
added  to  the  arc  atmosphere.  The  temperatures  in  the  welding  arc  are 
capable  of  causing  secondary  ionization  in  some  of  these  atomic  species 
(particularly  Fe,  Cr  and  Mn).  In  this  case  the  welding  arc  was  struck 
on  a  tungsten  work  piece,  however,  so  this  effect  should  be  far  less 
significant  than  in  experiments  with  lower  melting  point  materials. 

Electron  density  is  calculated  from  measurements  of  the  width  of  a 
hydrogen  line  at  the  point  where  the  line  intensity  has  dropped  to  one 
half  of  its  maximum  (i.e.,  the  Stark  width  of  the  line).  Griem  [47] 
states  that  significant  error  will  not  be  introduced  by  ignoring  the 
continuum  radiation  level  below  the  hydrogen  peak.  However,  as  seen  in 
Figure  6.3,  the  effect  of  the  continuum  level  on  the  Stark  width  of 
hydrogen  lines  as  measured  in  this  experiment  is  large.  Furthermore, 
nonlinearity  in  the  photodiode  response  could  have  affected  the  observed 
line  intensity  as  the  hydrogen  content  of  the  welding  arc  increased. 
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Changes  which  could  be  made  to  decrease  these  errors  are  discussed 
later  in  this  section.  However,  an  error  of  16%  in  electron  density 
measurements  is  considered  to  be  small  [47],  so  it  is  possible  that 
greatly  increased  accuracy  could  not  be  achieved. 

6.4.3  Hydrogen  Ion  Density  Measurements 

Hydrogen  ion  densities  were  measured  from  the  absolute  intensity 
of  the  Balmer  series  hydrogen  lines  as  described  in  Chapter  3.  Some  of 
the  problems  which  plagued  the  electron  density  measurements  also  affect 
measurements  of  hydrogen  ion  density.  In  general  however,  the 
spectroscopically  measured  hydrogen  ion  density  increased  with 
the  hydrogen  content  of  the  shielding  gas.  Calibration  difficulties  are 
probably  the  major  factor  producing  errors  in  these  measurements. 
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6.4.4  Measurements  of  Hydrogen  Partial  Pressure 

The  hydrogen  partial  pressure  in  the  weld  arc  atmosphere  was 
calculated  by  dividing  the  measured  hydrogen  ion  density,  which  was  de¬ 
termined  as  described  in  section  3.5.2,  by  the  total  electron  density 
which  was  determined  as  described  in  section  3. 5. 2. 2.  As  shown  in  Chap¬ 
ter  5,  an  increase  in  the  spectroscopically  measured  hydrogen  partial 
pressure  was  observed  as  the  hydrogen  content  of  the  weld  arc  atmosphere 
increased.  However,  the  results  are  clearly  inaccurate,  with  a  hydrogen 
free  shield  gas  composition  resulting  in  an  average  weld  arc  hydrogen 
partial  pressure  measurement  in  the  welding  arc  of  more  than  1,  which  is 
clearly  impossible. 

Figure  6.4  shows  the  appearance  of  the  hydrogen  line  at  656  nm  when 
the  weld  arc  atmosphere  is  nominally  free  of  hydrogen.  Determining  the 
Stark  width  of  this  line  is  very  difficult  because  it  does  not  rise  far 
above  the  background  level,  and  the  broadened  shape  of  the  line  is  hard 
to  define.  For  this  reason,  the  electron  density  measured  at  this 
hydrogen  level  was  probably  far  below  the  actual  electron  density.  This 
would  explain  the  very  high  calculated  hydrogen  partial  pressure.  How¬ 
ever,  it  is  clear  that  either  electron  density  was  seriously  under¬ 
estimated  in  all  measurements  or  that  hydrogen  ion  density  was  over¬ 
estimated,  because  the  calculated  hydrogen  partial  pressures  are  three 
orders  of  magnitude  higher  than  expected.  The  error  is  consistent;  the 
calculated  hydrogen  partial  pressure  increases  with  the  amount  of  hydro¬ 
gen  added  to  the  weld  arc  atmosphere. 

6.4.5  Sources  of  Error  in  Absolute  Intensity  Measurements 

Errors  were  larger  in  the  absolute  intensity  measurements  than  in 
the  relative  intensity  measurements  for  a  number  of  reasons.  Some  of 
the  errors  were  caused  by  the  line  of  sight  and  optical  system  problems 
discussed  earlier.  In  addition,  weld  arc  plasmas  are  unstable  and  are 
not  representative  of  the  steady-state  conditions  needed  for  exact 
measurements  of  absolute  line  intensity.  Another  source  of  experimental 
error  is  smoke  produced  by  the  welding  arc.  This  smoke  reduces  the 
amount  of  light  focused  by  the  lens  on  the  fiber  optic  bundle  and 
transmitted  to  the  spectrograph.  However,  during  calibration  of  the 
system  with  a  standard  lamp,  no  smoke  is  present.  This  introduces  error 
in  determining  the  intensity  of  the  hydrogen  emission  lines  of  in¬ 
terest.  Heating  of  the  tungsten  plate  as  the  arc  traveLs  along  it  dur¬ 
ing  data  acquisition  is  another  factor  which  cannot  be  compensated  for 
during  calibration  with  a  standard  lamp.  As  the  anode  grows  very  hot, 
the  amount  of  blackbody  radiation  it  emits  at  all  wavelengths  in¬ 
creases.  This  affects  apparent  line  intensity  during  the  time  over 
which  measurements  are  made.  Self  absorption  of  some  of  the  radiation 
emitted  by  the  welding  arc  also  occurs  in  the  weld  arc  plasma.  This  de¬ 
creases  apparent  line  intensity,  contributing  to  errors  in  calibration 
of  the  system. 
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An  additional  equipment-related  problem  exists.  The  response  of 
the  photodiode  array  drops  off  quickly  at  wavelengths  below  approxi¬ 
mately  550  nm,  and  at  460  nm  is  only  about  60  percent  of  that  at 
656  nm.  In  addition,  the  output  of  the  calibrated  lamp  at  the  lower 
hydrogen  wavelengths  is  about  one-eighth  of  its  radiance  at  656  nm.  As 
a  result,  the  accuracy  of  the  intensity  calibration  data  obtained  for 
the  hydrogen  lines  at  486  and  434  nm  is  questionable.  This  problem  does 
not  plague  the  temperature  measurements  because  it  is  the  relationship 
between  lines  equally  affected  by  the  problem  which  is  of  interest.  In 
determinations  of  hydrogen  partial  pressure  in  the  arc  atmosphere  how¬ 
ever,  the  number  of  atoms  in  various  energy  states  is  being  measured. 
This  quantity  depends  directly  on  the  line  intensity  measurements,  so 
calibration  inaccuracies  produce  large  errors. 
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The  difficulties  cited  above  in  determining  the  partial  pressure  of 
hydrogen  present  in  the  weld  arc  atmosphere  through  use  of  absolute  in¬ 
tensity  measurements  could  be  overcome  through  the  use  of  more  sophis¬ 
ticated  hardware  and  software.  Improvements  in  hardware  would  have  to 
include  an  optical  system  capable  of  spatially  resolving  small  areas  in 
the  welding  arc.  A  more  sensitive  photodiode  array  with  a  flatter 
response  at  low  wavelengths  would  also  improve  the  accuracy  of  the 
data.  A  two-dimensional  photodiode  array  would  also  help.  Software 
changes  should  include  use  of  the  Abel  inversion  to  eliminate  errors  as¬ 
sociated  with  variations  in  arc  temperature  and  composition  along  the 
line  of  sight. 

If  these  changes  were  made,  the  spectroscopic  system  could  be  used 
to  determine  local  changes  in  arc  composition  as  well  as  to  make  temper¬ 
ature  measurements.  A  number  of  questions  exist  in  the  literature  which 
such  a  system  could  answer. 

The  interactions  occurring  immediately  above  the  weld  pool  in  the 
anode  drop  zone  are  known  to  be  vey  complex  and  are  not  well  under¬ 
stood.  For  example,  it  has  been  proposed  that  metal  ion  vapor  above  the 
weld  pool  can  have  a  significant  effect  on  the  composition  of  the  weld¬ 
ing  arc  immediately  above  the  weld  pool  [34,65,67,71].  A  spatially  re¬ 
solved  mapping  of  weld  arc  composition  would  be  of  great  use  in  under¬ 
standing  this  effect  and  other  questions  about  the  anode  drop  zone  and 
the  gas-metal  interactions  occurring  at  the  pool-arc  interface. 
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6.5  Discussion  of  Implant  Test  Results 

For  the  simplest  purposes  of  quality  control,  the  data  presented  in 
Chapter  5  could  be  used  to  establish  a  weld  arc  hydrogen  level  which 
should  not  be  exceeded  under  production  conditions.  For  example,  the 
lower  critical  stress  (LCS)  in  the  implant  test  of  an  armor  steel 
specimen  welded  under  hydrogen  free  conditions  is  55  ksi  (377  MPa). 
When  the  hydrogen  content  of  the  shielding  gas  is  increased  to  0.25 
percent,  the  lower  critical  stress  drops  appreciably  to  43  ksi  (295 
MPa).  If  an  analysis  of  structurally  significant  welds  was  performed 
and  the  minimum  acceptable  implant  strength  determined,  such  data  could 
be  used  to  establish  the  maximum  weld  arc  hydrogen  content  allowable  at 
various  welding  stations  in  a  manufacturing  facility. 
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Such  .a  rudimentary  application  of  this  research  couLd  be  fielded 
readily  in  a  manufacturing  situation.  The  relative  emission  line 
intensity  results  reported  in  Chapter  5  show  that  a  hydrogen  partial 
pressure  of  much  less  than  0.0025  in  the  welding  arc  can  be  detected 
spectroscopically.  Thus,  the  technique  is  sufficiently  sensitive  to 
measure  arc  atmosphere  hydrogen  levels  capable  of  causing  deterioration 
in  the  mechanical  properties  of  welds  in  the  material  studied.  A  field- 
able  system  capable  of  measuring  weld  arc  hydrogen  levels  in  real  time 
by  mimicking  the  spectrograph  through  use  of  narrow  pass  band  filters 
has  been  tested.  Implant  test  data  could  be  used  to  establish  a  cut  off 
weld  arc  hydrogen  level  at  which  such  a  system  would,  for  example,  alert 
an  operator  or  record  the  time  and  location  of  the  suspect  weld  for 
later  nondestructive  inspection. 

6.5.1  Use  of  Weld  Diffusible  Hydrogen  Content  Data  to  Predict 

Implant  Test  Results 

Other  ways  of  analyzing  implant  data  exist  [72,73]  which  would 
allow  some  integration  of  the  design,  quality  control,  and  manufacturing 
functions  by  establishing  f itness-for-purpose  criteria  for  welding 
consumables  quality.  Christensen  [72],  for  example,  proposed  a 
procedure  in  which  implant  test  data  can  be  used  to  determine  the  elec¬ 
trode  coating  type  and  diameter  to  prevent  hydrogen  induced  cracking  at 
a  given  ambient  welding  temperature  and  plate  thickness.  The  method  can 
also  be  used  to  estimate  implant  rupture  strength  if  plate  composition 
and  electrode  type  and  size  are  known. 

Christensen's  method  relies  on  estimates  of  the  volume  percent  of 
martensite  present  in  the  joint  microstructure  and  on  indirect  estimates 
of  weld  diffusible  hydrogen  content  (through  correlation  with  electrode 
type  and  size).  As  a  result,  it  is  not  particularly  useful  when  weld 
diffusible  hydrogen  content  can  be  determined  through  spectroscopic 
measurement  in  real  time  as  discussed  earlier  in  this  chapter.  However, 
Ito,  Ikeda  and  Nakanishi  [73]  used  a  similar  technique  in  a  later  in¬ 
vestigation  to  obtain  estimates  of  the  implant  rupture  strength  of  a 
weld  from  its  plate  thickness,  preheat  temperature,  and  diffusible 
hydrogen  content. 

As  shown  in  Figure  6.5,  Ito,  et  al.,  related  the  diffusible 
hydrogen  content,  preheat  temperature,  and  plate  thickness  of  a  given 
weld  to  a  change  in  implant  rupture  strength  from  that  obtained  under  a 
set  of  standard  conditions.  In  this  procedure,  the  time  required  for  a 
weld  to  cool  from  peak  temperature  to  10Q°C  is  either  known  or  is 
estimated  from  plate  thickness  and  preheat  temperature  as  shown  in  part 
a  of  Figure  6.5.  This  cooling  time  is  related  graphically  to  a  change 
in  implant  rupture  strength  as  illustrated  in  Figure  6.5(B).  The  weld's 
lower  critical  stress  in  the  implant  test  under  standard  conditions  is 
then  estimated  from  P  (a  cracking  parameter  dependent  on  the 
composition  of  the  material  being  welded  and  the  diffusible  hydrogen 
content  of  the  weld)  as  shown  in  Figure  6.5(C).  The  change  in  implant 
rupture  strength  estimated  from  part  b  of  the  figure  is  then  added  to  or 
subtracted  from  the  standard  value  to  predict  the  final  implant  strength 
of  the  joint. 
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Figure  6.5 


Pcm+Q093  LOG  H  or 
PCM  +  H/60  (Hs5cc/I00g) 

Ito's  method  for  predicting  lower  critical  stress  from 
base  metal  composition  and  weld  hydrogen  content. 
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Like  Che  better  known  carbon  equivalent,  P  is  a  parameter  depen¬ 
dent  on  the  composition  of  the  base  metal.  It  is  an  index  of  the  rel¬ 
ative  cracking  susceptibility  of  the  weld  and  is  dependent  on  the  hydro¬ 
gen  content  of  the  weld  as  well  as  the  alloy  composition.  Generally,  the 
higher  the  Pcm»  the  more  susceptible  the  joint  is  to  cracking. 


P 

cm 


C 


Sj^  Mn  +  Cu  +  Ni 
30  20  20  60 


Cr 

20 


5B 


is  the  formula  used  to  determine  this  parameter.  For  the  armor  steel 
used  in  this  study,  Pcm  is  0.387.  This  is  rather  high,  and  this 
material  is  indeed  highly  susceptible  to  hydrogen  induced  cracking. 


Ito's  method  was  applied  to  the  material  used  in  this  study  to 
determine  whether  the  implant  strengths  of  the  welds  could  be  predicted 
accurately.  Using  part  (A)  of  Figure  6.5,  the  time  required  for  a  weld 
in  a  25  mm  plate  with  a  preheat  temperature  of  150°F  to  cool  to  100°C  is 
predicted  to  be  300  seconds.  However,  when  this  cooling  time  was 
measured  for  implant  tests  performed  under  the  conditions  used  in  this 
study,  the  time  required  for  the  weld  to  cool  to  100°C  was  found  to  be 
approximately  500  seconds,  and  this  was  the  value  used  in  estimating 
changes  in  implant  strength.  According  to  Ito,  et  al.,  the  effect  of 
preheating  to  150°F  on  the  implant  rupture  strength  (i.e.,  the  effect  of 
increasing  the  cooling  time  of  the  weld  to  100°C  to  500  seconds  on  the 
lower  critical  stress)  will  be  an  increase  of  approximately  32  ksi  over 
that  predicted  by  Figure  6.5(C)  for  the  appropriate  Pcm. 

Table  6.2  gives  the  results  predicted  using  Ito's  method  and  the 
measured  lower  critical  stresses.  As  shown  in  Figure  6.6,  this  method 
provides  good  correlation  with  the  experimental  results.  This  suggests 
that  spectroscopic  measurement  of  weld  arc  hydrogen  content  could  be 
used  to  estimate  the  mechanical  properties  of  a  welded  joint  directly  in 
real  time. 


Table  6.2  Measured  and  Calculated  Values  of  Lower  Critical  Stress 
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MEASURED  LOWER  CRITICAL  STRESS,  KSI 

Figure  6.6  Comparison  of  measured  and  predicted  lower  critical  stress 
using  Ito's  method. 

Ito's  method  uses  the  diffusible  hydrogen  content  of  the  weld  to 
determine  the  lower  critical  stress,  along  with  other  constant  param¬ 
eters  such  as  plate  thickness  and  composition.  However,  the  objective 
of  this  work  is  to  relate  the  mechanical  properties  of  a  weld  to 
spectroscopic  data  which  can  be  obtained  in  real  time.  It  was  shown 
earlier  that  the  diffusible  hydrogen  content  of  a  weld  can  be  related  to 
the  partial  pressure  of  hydrogen  in  the  welding  arc  as  measured 
spectroscopically.  Ito's  method  provides  a  procedure  for  correlating 
weld  diffusible  hydrogen  content  with  implant  strength.  Therefore,  it 
should  be  possible  to  use  spectroscopic  data  with  Ito's  method  to  de¬ 
termine  lower  critical  stress. 

This  can  be  done  by  replacing  Pcm  ♦  0.093  log  H  as  the  equation  for 
implant  rupture  strength  with  P  +  log  [ S^(  1^  -  0. 7 ) / 2 8 7 . 5  ]  .  This  is 
similar  to  the  procedure  used  toc predict  the  dirfusible  hydrogen  content 
of  welds  from  spectroscopic  data.  Figure  6.7  compares  the  predicted 
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MEASURED  LOWER  CRITICAL  STRESS,  KSI 

Figure  6.7  Comparison  between  predicted  lower  critical  stress  when 

spectroscopically  determined  hydrogen  contents  are  used  in 
Ito's  method  and  measured  lower  critical  stress. 

lower  critical  stress  if  spectroscopically  derived  data  is  substituted 
for  measured  weld  diffusible  hydrogen  contents  with  the  experimentally 
determined  lower  critical  stress. 

Agreement  is  good  between  the  LCS  values  predicted  when  measured  or 
spectroscopy-determined  weld  diffusible  hydrogen  contents  are  used  and 
agreement  is  good  between  measured  and  predicted  LCS  values  whether 
measured  weld  hydrogen  contents  or  spectroscopic  data  are  used  in 
evaluating  p  .  Some  deviation  exists  because  the  measured  and  spectro¬ 
scopically  (^e^ermined  weld  hydrogen  contents  are  not  identical.  How¬ 
ever,  since  the  error  in  the  determination  of  the  lower  critical  stress 
using  the  implant  test  is  generally  considered  to  be  about  15  percent 
[72,73],  it  is  clear  that  most  of  the  data  fall  well  within  the  bounds 
of  likely  experimental  error.  For  low  weld  hydrogen  contents,  the 
spectroscopic  method  is  conservative:  the  predicted  lower  critical 
stress  is  slightly  lower  than  that  measured  experimentally.  When  0.5 
percent  hydrogen  is  added  to  the  weld  arc  atmosphere,  the  predicted 
lower  critical  stress  is  considerably  higher  than  the  measured  lower 
critical  stress.  However,  this  arc  atmosphere  hydrogen  level  is  well 
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above  any  acceptable  limit  (it  results  in  a  decrease  of  over  50  percent 
in  lower  critical  stress)  and  would  require  immediate  attention  in  any 
welding  operation  involving  medium  or  high  strength  steel. 

6.5.2  Use  of  Implant  Test  Data  to  Establish  Design, 

Quality  Control,  and  Manufacturing  Requirements 

A  technique  has  been  presented  which  allows  the  diffusible  hydro¬ 
gen  content  of  welds  and  their  mechanical  properties  to  be  estimated 
quite  accurately  in  real  time.  This  capability,  together  with  the  data 
base  developed  in  this  study,  provides  a  basis  for  integration  of  many 
design,  quality  control,  and  manufacturing  functions.  Using  the 
relative  intensity  spectroscopic  technique  described  here,  a  simple 
testing  program  could  establish  the  average  weld  arc  hydrogen  partial 
pressure  associated  with  various  welding  processes  or  brands  of  con¬ 
sumables  . 

Designers  could  use  this  information  to  select  materials  suf¬ 
ficiently  resistant  to  hydrogen  induced  cracking  to  perform  well  under 
the  selected  welding  conditions.  Similarly,  the  data  could  be  used  to 
select  a  welding  process  suitable  to  the  material  being  used  or  to  en¬ 
sure  that  joint  restraint  did  not  exceed  that  allowable  for  a  given  com¬ 
bination  of  welding  process  and  material.  For  example,  the  degree  of 
restraint  in  a  particular  joint  could  be  analyzed  during  the  design 
process . 

This  restraint  could  be  associated  with  a  maximum  arc  atmosphere 
hydrogen  partial  pressure  which  would  not  result  in  hydrogen  induced 
cracking.  The  data  could  then  be  used  to  establish  nonarbitrary  filler 
wire  quality  requirements  as  part  of  the  design  process. 

Following  design,  the  information  could  also  be  used  by  value  engi- 
r  ring  and  quality  control  departments.  During  development  of  purchas¬ 
ing  specifications  and  procurement  of  consumables,  the  allowable  weld 
arc  hydrogen  content  established  during  the  design  cycle  might  be  found 
to  be  unrealistically  low  for  reasons  of  cost  or  unavailability  of  con¬ 
sumables  of  the  required  quality.  The  joint  design  could  then  be  mod¬ 
ified  prior  to  starting  fabrication  of  components  and  discovering  that 
joint  redesign  was  necessary  because  of  cold  cracking  of  finished  as¬ 
semblies  . 

The  real  time  capabilities  of  the  spectroscopic  technique  could 
also  be  used  as  part  of  the  input  to  a  sophisticated  adaptive  feedback 
control  system  in  manufacturing.  If  a  weld  arc  hydrogen  partial  pres¬ 
sure  slightly  higher  than  average  was  detected,  a  method  similar  to  that 
proposed  by  Ito  et  al.  could  be  used  to  adjust  preheat  or  interpass  tem¬ 
perature.  This  type  of  data  could  be  used  with  some  form  of  artificial 
intelligence  to  allow  continuous  adjustment  of  welding  parameters  by  a 
welding  robot  based  on  arc  hydrogen  content.  Very  high  weld  arc  hydro¬ 
gen  contents  would,  of  course,  require  notification  of  a  human  operator. 
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7.  SUMMARY 


The  objectives  of  this  study  were  to  predict  the  diffusible  hydro¬ 
gen  content  of  a  weld  as  it  is  being  fabricated,  and  to  relate  it  to  the 
hydrogen  induced  cracking  susceptibility  of  the  joint. 

It  has  been  shown  that  spectroscopic  techniques  based  on  measure¬ 
ment  of  the  relative  intensity  of  hydrogen  emission  lines  during  arc 
welding  can  be  used  to  determine  the  partial  pressure  of  hydrogen  pres¬ 
ent  in  the  weld  arc  atmosphere.  These  data  can  be  used  to  predict  the 
diffusible  hydrogen  content  of  weld  specimens. 

In  addition,  the  results  of  this  study  show  that  spectroscopic 
measurements  of  the  amount  of  hydrogen  in  the  weld  arc  atmosphere  cor¬ 
relate  well  with  the  mechanical  properties  of  the  resulting  weld  as 
evaluated  using  the  implant  test.  This  suggests  that  these  data  and  the 
measurement  technique  developed  could  be  used  to  improve  integration  of 
design,  quality  control  and  manufacturing  in  welded  fabrication. 
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